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ABSTRACT
Fast pyrolysis of biomass has the potential for high-yield production of valuable fuels and chem-
icals from renewable biological and agricultural waste feedstocks. Optimization of this technology
is dependent on developing a deeper understanding of the complex transport and kinetic phenom-
ena which drive product formation. In this dissertation, direct, time-resolved imaging of feedstock
degradation and product formation mechanisms for the pyrolysis of whole biomass and several of its
components has been made inside an optically accessible pyrolysis reactor. The reactor thermal and
transport characterization allows the determination of dominant mechanisms of pyrolysis product
formation in the multiphase reacting environment. This novel investigation of biomass pyrolysis
simultaneously captures relevant transport and kinetic phenomena including melt, agglomeration,
ejection, evaporation and condensation throughout the pyrolysis of solid biomass feedstocks and
the surrounding reactive environment.
A novel pyrolysis reactor was developed in order to provide four-sided optical access to probe
near-particle surface phenomena. The reactor and pyrolysis conditions were characterized using
multiple techniques in order to better understand the relevant transport and kinetic limitations
from which to interpret the imaging results. Condensed-phase products were analyzed via gas
chromatography/mass spectrometry (GC/MS) to verify product compositions obtained using the
optically accessible reactor match those observed in other small-scale test reactors. Acetone planar
laser-induced fluorescence (PLIF) temperature measurements and multi-point thermocouple map-
ping provide a detailed thermal profile of the reaction environment and the convectively driven
transport near the reaction filament. A line heat source conductivity measurement was devel-
oped and used to characterize the biomass feedstock effective conductivity in order to understand
heat transport through the biomass sample from the heated filament strip. These studies indicate
xiv
non-isothermal pyrolysis conditions with both heat and mass transfer limitations which must be
accounted for in the interpretation of results–as is common in many pyrolysis reactors.
Planar Mie scattering of product condensation across a well characterized thermal boundary
layer allows for time resolved tracking of product formation through distinct condensation bands
which are attributed to unique classes of compounds. Correlating the time-resolved condensation
scattering signal to simultaneous color micro-scale imaging of feedstock morphological changes al-
lows for developing an understanding of the physical and chemical mechanisms which drive product
formation during the pyrolysis of biomass. Dominant transport appears to occur via evapora-
tion and condensation/repolymerization reactions with minimal contribution from ejection of large
aerosols/droplets.
In order to elucidate the nature and timescales of the transport of evaporated products away
from the reacting biomass sample, a planar fluorescence imaging technique was utilized coincident
with planar Mie scattering imaging in order to track the product stream prior to and after Mie
scattering signal is apparent from chemical condensation in the thermal boundary layer. Three
excitation wavelengths (532 nm, 355nm, 266nm) generated from a 10 Hz Nd:YAG laser were used
to probe the volume directly above the pyrolyzing biomass. Differences in the timescales of prod-
uct/intermediate formation were observed and correlated with the primary observed condensed
phase products via Mie scattering. In order to further explore the nature of the primary aerosols and
droplets from biomass fast pyrolysis, products were collected directly above the reacting biomass
sample and electron and fluorescence microscopy were used to explore the condensed products.
Through time-resolved observation of fast pyrolysis of whole red oak, cellulose, and lignin,
comparisons amongst the mechanisms and timescales of thermal degradation and product formation
have been made. Single component studies may aid in building a comprehensive understanding of
whole biomass pyrolysis but the application of these results must be framed within the context of
the complex physicochemical characteristics unique to each feedstock and the specific reaction and
transport limitations for a given system. Observations such as those presented in this dissertation
indicate that predictive modeling efforts should incorporate the full complexity of biomass pyrolysis
xv
and include dynamics of the bulk systems in addition to pure kinetic results. For the pyrolysis
regime utilized in this study where kinetic and transport effects both contribute, particle size, degree
of polymerization, molecular complexity of the pseudo-components and feedstock compositional and
structural variations were shown to influence the phenomena governing the conversion process.
1CHAPTER 1. INTRODUCTION
The purpose of this dissertation is to further the understanding of the fundamental transport
mechanisms and corresponding observable physicochemical phenomena which govern lignocellulosic
biomass pyrolysis. Through the use of optical diagnostic techniques not previously applied to the
study of biomass pyrolysis, the dominant mass transport mechanisms relevant to biomass pyrolysis
are identified and methods of product formation through the various steps of heating, melting
and agglomeration, and evaporation/ejection to form downstream products are considered. This
dissertation first lays out the relevant background and theory of the optical techniques and applies
them to the pyrolysis of whole biomass (red oak) and several of its components.
1.1 Motivation
Biomass fast pyrolysis is a leading candidate technology for the production of renewable fuels
and chemicals and is positioned to fill an important role in the global energy portfolio if several
key challenges can be overcome [55, 16]. Thermal processing of biomass is an attractive candi-
date for the breakdown of raw biomass feedstocks and can result in high-value products. Recent
global energy trends reveal a widening deficiency in the secondary products produced via the tradi-
tional energy supply chain and an opportunity for biomass pyrolysis products to help meet market
demands [21, 20]. Challenges in optimizing the thermo-chemical conversion of biomass include
the variability in feedstock composition, the multi-phase and multi-scale nature of the processes
involved, and the wide range of potential feedstocks and associated issues with geographic localiza-
tion. This wide range of variability in reaction inputs and conditions makes optimization of yields
challenging, but presents an opportunity for improvement through the development of models and
mechanistic descriptions capturing the dominant physicochemical phenomena during biomass py-
rolysis reactions.
2Two recent reviews of biomass pyrolysis have highlighted the major challenges to developing
biomass pyrolysis into a more targeted and robust technology for high-yield production of com-
modity chemicals [55, 2]. Among these challenges is a lack of fundamental understanding of the
physicochemical mechanisms of biomass pyrolysis and how they contribute to production of desired
products. In particular, the following questions are raised: How do aerosols form and transport
away from pyrolyzing biomass? How does feedstock morphological conservation or phase change
effect the mechanisms of product formation? Finally, what is the role of the intermediate liquid
compounds? [2, 55]. Two main thrusts have been used to address these questions: first, high-speed
imaging of pyrolyzing samples to visualize physical changes to the feedstock during pyrolysis re-
actions; and second, rapid collection of products produced from pyrolysis for ex-situ analysis to
determine primary mechanisms of product formation. Unfortunately, neither of these approaches
is able to capture the full breadth of the multi-scale and multi-phase nature of this problem.
The role of phase change, relative importance of aerosol ejection and vaporization in mass
transport of pyrolysis products and competition between secondary cracking and repolymerization
reactions in both the liquid intermediate and vapor phase is not well understood despite these pre-
vious studies. Additional studies with new experimental techniques are required to directly observe
pyrolyzing biomass and subsequent product formation and must capture all relevant phenomena
including melt, agglomeration, ejection, evaporation and condensation. The majority of existing
studies have examined biomass constituents, but the complex variability and unique morphology
present in whole biomass requires in situ observations in order to inform the pathways for pro-
duction of monomers and oligomers present for whole biomass. In order to better elucidate the
importance of these proposed transport mechanisms in relation to the controlling parameters of
biomass pyrolysis, this dissertation aims to extend the optical experiments found in literature to
include time-resolved tracking of product formation mechanisms in the environment local to the
reacting sample. The following discussion provides a brief overview of the current knowledge base
surrounding biomass pyrolysis relevant to this study, and a description of the optical techniques
which are applied to the problem.
31.2 Literature Review
The word “pyrolysis” originates from two greek words: pyro- which means “fire” or “heat” and
-lysis which means “to separate” or “to break down”. Thus, pyrolysis means ”to break down with
heat”. Indeed, today’s modern meaning of pyrolysis describes the processes that use heat in an
inert atmosphere to degrade materials such as biomass, plastics and other polymers to form a range
of solid, liquid and gaseous products. In the simplest form, pyrolysis has been used since ancient
times to turn wood into charcoal, and is the primary first reaction step in the combustion of any
large hydrocarbon liquid fuel, whether bio-derived or petroleum-derived. The last half century has
seen pyrolysis emerge as a major conversion and upgrading platform for organic material and has
seen significant research efforts aimed at increasing the yields and quality of the liquid product
from this process which can be subsequently upgraded to economically and energetically valuable
fuels and chemicals.
Factors impacting the relative yields of solid, liquid, and gaseous products in the pyrolysis of
organics include the reaction temperature, heating rate, residence time of products in the heated
environment, as well as numerous feedstock properties. Among these are the chemical composition,
structure, size and morphology, thermal conductivity, and moisture content. Many studies can be
found throughout literature which evaluate the impact of these variables on product yields. The
general background and findings from these studies are presented in the following sections. A final
section details the theory and background of several optical techniques which can be used to study
the fast pyrolysis of biomass.
1.2.1 Pyrolysis fundamentals
Several pyrolysis regimes have been defined based on the timescales of reaction, as well as the
temperatures and heating rates employed, and these regimes are optimized for the production of
different products. Slow pyrolysis, or torrefaction is typically defined with heating rates ranging
from ∼1–100 ◦C min−1 with peak reaction temperatures of 200-350 ◦C. Slow pyrolysis results in
the highest yields of solids and can last for several hours or days. Fast pyrolysis (∼100–1000 ◦C s−1,
4400–600 ◦C) is characterized by residence times of several seconds and yields a larger portion of
condensible vapor products than slow pyrolysis. Finally, flash pyrolysis (>1000 ◦C s−1) requires
residence times <1–2 seconds and can increase efficiency of production of condensible products but
is harder to achieve in industrial applications. Fast pyrolysis of lignocellulosic biomass is a technique
that has seen considerable potential for commercialization. The liquid bio-oil fraction contains
hundreds of different compounds of varying molecular weight and degrees of polymerization, which
is an important consideration in the subsequent upgrading to commodity chemicals and fuels [5].
1.2.2 Feedstock considerations in biomass pyrolysis
The potential to utilize biomass as a high value feedstock for upgrading to fuels and chemicals is
influenced greatly by the type of biomass and its physical characteristics and chemical composition.
Generally speaking, biomass is defined as “organic matter of recent biological origin” (as opposed
to fossil sources of carbon sequestered millions of years ago) and can consist of woody, herbaceous
or aquatic plant materials as well as human and animal wastes [19, 86]. For the purposes of this
dissertation, the scope of biomass considered will be limited to lignocellulosic (hardwood, softwood,
and herbaceous plant materials) biomass. Lignocellulosic biomasses consist of materials with a
wide range of physical and chemical properties which stem from the genetic origins and geographic
localization. The following sections give a brief overview of several main properties which drive
product formation during pyrolysis including: biomass composition/structure, feedstock size, and
thermal conductivity.
1.2.2.1 Lignocellulose composition and structure
Lignocellulosic biomass is composed of varying amounts of cellulose, hemicellulose, lignin, ex-
tractives and ash depending on the type of biomass and growing conditions throughout the plant life
[54]. Together, these components provide mechanical and structural support for the plant, serve as
energy storage, protect against pathogens and regulate the flow of nutrients and water throughout
the plant. Cellulose is a homopolysaccharide consisting of linear chains of β(1, 4)-D-glucopyranose
5units consisting of hundreds to thousands of glucose units and having an average molecular weight
of 106 or more [57, 66]. This polymer accounts for about 30–50 % of lignocellulosic biomass by
weight and forms long chains which becomes the basic skeletal building material for lignocellulosic
biomass. The anhydrosugar levoglucosan (C6H10O5) is the primary product from fast pyrolysis of
cellulose and is desirable for its potential for upgrading [68, 81, 14, 3]. Hemicellulose is a hetero-
geneous branched polysaccharide consisting of combinations of five and six carbon sugars such as
glucose, mannose, xylose and arabinose. This polymer binds cellulose fibrils tightly together and
represents between 20–40% of the biomass by weight [54, 33]. Lignin is the final major component
from which lignocellulose is comprised and is the non-sugar component. It is regarded as a group
of amorphous, highly branched polyphenolic molecules of complex structure and high molecular
weight [66]. Lignin permeates both cell walls and intercellular regions and provides resistance to
mechanical stress on the plant. Lignin is also responsible for much of the plant’s protection from
microbial or fungal destruction, which also makes this component difficult to upgrade via biological
conversion routes. Lignin makes up 23–33% of the mass of softwoods and 16–25% of the mass of
hardwoods [57]. Finally, lignocellulosic biomasses contain a range of mineral material including
potassium, sodium, phosphorus, calcium, and magnesium which are critical for plant growth and
function. These trace minerals can have a large catalytic effect on the pyrolysis process and often
result in increases in char yield [30].
1.2.2.2 Effect of particle size on biomass pyrolysis
Particle size has unique implications in biomass pyrolysis due to its influence on heat and mass
transport which result from the complex structure of large particles. Increasing particle sizes create
uneven heating across the biomass sample and can result in large thermal gradients across a particle
when subjected to the rapid heating environments of fast pyrolysis. This results in a significant
part of the particle pyrolyzing at temperatures below the reactor temperature and can effect yield
and quality of the liquid products produced [36, 17]. Additionally, increased particle sizes have
the tendency to reduce the ability of products to escape the particle and increases the residence
6time of the condensible vapors. Haas et al. utilized real-time, microscopic visualization of poplar
wood undergoing pyrolysis to show the structural complexity of whole biomass can impede heat
and mass transfer by trapping products inside of large biomass particles and increase reactions
that form char and low boiling point vapors and gases [45]. Several experimental studies have
shown that particles below a threshold thickness (< 2–3 mm) yield a significant decrease in bio-
oil production–particularly pyrolytic lignin–as feedstock size increases [79, 82, 92, 89]. Above this
size threshold, however, there is minimal influence on product yields from increasing particle size
[92, 89]. Westerhof et al. postulate that this effect is due to the microstructure of the larger wood
particles limiting the release of aerosols and vapors from the reacting sample leading to secondary
reactions inside of the particle, while small particles have open structures that allow for products
to transport away from the particle [89].
1.2.2.3 Characterization of particulate biomass thermal conductivity
Clearly, the variable heat conduction across and along biomass fibers resulting in thermal gradi-
ents within the particle effect the breakdown mechanisms relevant to biomass pyrolysis and should
be given full consideration in the design of any pyrolysis experiment [23, 64]. Moisture content,
porosity, density and temperature all play a role in determining the rate of conduction within a
pyrolyzing particle [6]. Unfortunately, much of the literature surrounding biomass thermal conduc-
tivity focuses on characterization of large samples at controlled fiber orientations or on the study
of pelletized feedstocks of varying orientation with few studies that focus on powdered feedstocks
[53, 44, 26]. For these experimental systems, fixed bed thermal conductivity is influenced by a
random alignment of biomass fibers, varying bed porosity, wide distributions of particle sizes and
morphologies, and interactions between solid and gas phase conductivities.
Although thermal transfer through individual particles has been addressed in a number of thor-
ough studies, the thermal conductivities for particulate beds of biomass particles is not examined
in detail. The literature on bulk thermal conductivity is developed for a variety of applications
including food and soil sciences, but studies with minimal compaction are uncommon. A broad
7range of techniques exist, yet upon further inspection most fail to meet the requirements of the
measurement of thermal conductivity for a lightly-packed bed of particulates. A review paper by
Presley and Christensen in 1997 performs a cross disciplinary survey of the methods used to mea-
sure thermal conductivity and analyzes the advantages/disadvantages of each technique [73]. This
paper had the primary focus of developing a method suitable for measuring the thermal conduc-
tivity of Martian sands, yet the particle sizes and thermal conductivities are quite similar to those
expected for biomass feedstocks. Measurements of thermal conductivity can be divided into two
classes: steady and non-steady state. Due to the much shorter timescales associated with transient
methods, these techniques were quickly zeroed in on. These methods rely on the assumption of
radial diffusion of heat from an infinite line source. In the end, a transient hot wire technique was
chosen due to its ease of use, reasonable limit of errors with careful experimental design, and ability
to probe low conductivity granular materials. The second paper in this series details the design
and construction of this conductivity measurement apparatus and provides a basis from which to
pursue measurement of the effective conductivity for particulate biomass samples [72].
1.2.3 Transport limitations and determination of experimental regimes
Owing to the multi-scale and multi-phase nature of biomass fast pyrolysis and wide parameter
space which can influence product formation, it becomes increasingly important to understand the
heat and mass transport limitations of a given experiment in order to apply the results broadly.
The overall degradation pathways of biomass fast pyrolysis involves a combination of parallel and
competing reactions which are reactor and feedstock dependent [24]. This section attempts to sum-
marize the transport limitations relevant to biomass fast pyrolysis and provides a brief description
of the various regimes researchers have defined based off of the characteristic thermal and kinetic
timescales.
81.2.3.1 Mass transport limitations
Limitations on the transfer of mass within biomass pyrolysis can be attributed to effects both
internal and external to the constituent particles. Internal mass transfer limitations are determined
by the particle structural persistence and porosity at pyrolysis temperatures and the effect of particle
size of the biomass material. For certain classes of biomass there is a tendency of the structural
matrix to melt and form a liquid intermediate through which products must pass [59]. If the
kinetic timescales of liquid decomposition surpass the ability of the products to transport through
the liquid via diffusion, volatile products can become trapped by the liquid surface tension and
result in bubble formation and collapse of the liquid intermediate [84, 77, 58]. For biomass which
maintains the relative morphology of the original particle throughout the pyrolysis reaction, mass
transport limitations are influenced by particle size. In particles below a threshold size limit (∼ 1
mm), the cellular wall structures are completely broken down into fragments and volatiles have a
free path which to escape the reaction zone. As particle sizes increase, particles remain intact with
their original plant cell structure which can cause entrapment of products in the heated zone and
can lead to charring reactions. [45, 89].
External mass transfer limitations refer to the transport of products between the surface of the
particle and the surrounding gas. This can come in the form of diffusion-limited transport and low
vapor pressure trapping of products due to the inability to evaporate and escape from the reaction
zone. Increasing the sweep gas over the particle can help to reduce the diffusion limitations while
pyrolyzing under a vacuum can help to enhance evaporation of low-volatility products [70].
1.2.3.2 Heat transfer limitations
The ability to rapidly heat a biomass particle to temperatures characteristic of the fast pyrolysis
regime and subsequently quench products before secondary reactions negatively effect product
quality and yield is a true engineering design challenge in heat transfer fundamentals. Ultimately,
multiple modes of heat transfer must be considered including conduction and convection and to a
lesser extent, radiation [75]. Lignocellulosic biomass is characterized by poor thermal conductivity
9with typical ranges from 0.08–0.42 W m−1 K−1 [53]. This poor thermal conductivity is responsible
for large thermal gradients across a biomass sample when the particle size is sufficiently large.
Large thermal gradients across a particle can result in reduced liquid product yields and increased
char. The thermal Biot number is a dimensionless quantity that gives an index of the heat transfer
indexes both inside at at the surface of a solid and allows for the determination if the heat transfer
mode is conduction or convection limited. Smaller particles can result in improved conduction while
increases in reactor temperatures or even changes in the inert gas may help to mitigate convection
limitations.
1.2.3.3 Understanding pyrolysis regimes
Several non-dimensional parameters have been suggested to characterize the impact of thermal
and kinetic limitations. Pyle and Zaror proposed four primary pyrolysis regimes which determine
the dominant degradation scheme of biomass fast pyrolysis and are characterized by the thermal
Biot number, and one of two pyrolysis numbers [76]:
PyI =
λ
ρCpL2k
, (1.1)
PyII =
h
ρCpLk
, and (1.2)
Bi =
hL
λ
. (1.3)
These pyrolysis numbers are equivalent to the inverse Damko¨ler number, which compare the kinetic
timescales to the dominant mode of heat transfer as determined from the Biot number. PyI (or
the internal pyrolysis number) is the ratio of reaction and internal conduction timescales while the
PyII (or the external pyrolysis number) is the ratio of reaction and external heat transfer time
scales. The thermal Biot (Bi) number establishes a ratio of the heat transfer resistance internal
and external to a sample.
Calculation of these non-dimensional parameters allows for placement of a given pyrolysis con-
figuration on a regime map (Figure 1.1) which can provide greater insight to the limiting thermal
and kinetic mechanisms. The upper left hand region of Figure 1.1 is characterized by particle sizes
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Figure 1.1 Mapping of the pyrolysis regimes as determined from thermal and kinetic lim-
itations. Adapted from [69, 24].
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and reactor designs which minimize thermal gradients across a sample and are capable of rapidly
heating the biomass at timescales faster than the characteristic kinetic rate. This regime defines
the mode of operation under which kinetic studies should be performed in order to gain appropriate
rates relevant to fast pyrolysis. The lower left hand side of the regime diagram is the convection
limited regime in which insufficient thermal energy is applied to the biomass and the reaction
kinetics are influenced by the rate of thermal increase. The bottom right region corresponds to
conduction-limited pyrolysis in which thermal gradients across the biomass sample limit the kinetic
conversion and determine final product yields. Finally, the upper right hand corner of this figure
corresponds to the kinetically-limited, non-isothermal condition where sufficient thermal energy is
available but the reaction kinetics are unable to match the heat transfer rate. This regime may
include larger particles which are still characterized by temperature gradients [76].
1.2.4 Proposed mechanisms of product transport for high molecular weight and in-
organic species
Several studies have attempted to characterize mass transport within a reacting biomass sample
through the use of microscopic and high-speed imaging techniques. Haas and colleagues used hot
stage microscopy to study poplar wood samples under pyrolysis conditions [45]. They were able to
visualize the effects of non-uniform heat transfer across a sample of biomass and were able to observe
entrapment of pyrolysis products within the complex structure of plant cells. Several studies have
utilized high-speed photography to image cellulose pyrolysis on a heated surface and have shown
the formation of a liquid intermediate from which particles and vapors escape as bubbles collapse
[47, 77, 84]. Montoya et al. utilized a modified pyrolysis probe and high-speed camera to study
the dynamics of the liquid intermediate and mechanisms of feedstock morphological conservation
during biomass pyrolysis [58, 59]. These studies led to the proposed transport mechanism of
‘reactive boiling ejections’ (illustrated in Figure 1.2) and a mathematical model to predict yields
of products. The proposed mechanism and model includes boiling ejections which drive primary
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aerosol generation and the transport of moderate- and high-molecular weight, non-volatile pyrolysis
species and inorganic particles downstream.
Figure 1.2 Aerosol ejection from molten intermediate cellulose on a 700 ◦C α-alumina
surface. Scale bar represents 300 µm. Reprinted from [77] with permission
from The Royal Society of Chemistry.
These studies were limited in applicability to real-world pyrolysis conditions due to limitations
in the starting feedstocks and reactor designs. These limitations include one-dimensional heating
through the biomass sample from a heated surface, the use of primarily mono-component con-
stituents, and examination of only the biomass feedstock material without direct observation of
product formation in the transport boundary layer of the biomas sample. In order to explain
the significant production of monomers and dimers measured in closely-coupled pyrolysis-GC/MS
experiments throughout literature, this theory requires rapid secondary cracking and depolymeriza-
tion reactions of the ejected particulate in order to form the smaller compounds which has recently
been viewed as unlikely. Clearly, in order to fully map the physicochemical pathways taken by
constituent reactants, a greater understanding of the complex parallel and competing reactions is
required beyond the visualization of reactive boiling ejections. Several studies (previously men-
tioned) have aimed at characterizing the primary products produced during fast pyrolysis through
analysis of pyrolysis vapors exiting the reactor. The use of micropyrolysis reactors closely-coupled
with gas chromatography and mass spectrometry as well as rapid quenching of primary products
for oﬄine characterization have revealed a large range of small phenolic molecules (monomers and
dimers) produced during primary pyrolysis [5, 68, 67]. These observations support the theory
that some major fraction of the biomass depolymerizes to volatile components which evaporate in
the form of monomers and dimers. Oligomers are formed downstream of the pyrolyzing biomass
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through chemical condensation reactions of monomers and dimers, which condense to aerosols in
the pyrolysis stream.
1.2.5 Optical diagnostic methods for in-situ observation of multi-phase reaction en-
vironments
A wide range of optically-based imaging diagnostics have been developed which enable the
detailed study of multi-phase reaction environments. These techniques leverage the unique interac-
tions that light has with matter in order to gain greater understanding of the fundamental kinetic
and transport mechanisms which influence the behavior of reacting flows. Perhaps the simplest
optical experiments involve no more than shining a light on a flow and taking a picture of either
the forward illumination or shadow produced from a reacting medium to detect solid and liquid
phase materials as they flow through an environment. The development and use of lasers as power-
ful sources of coherent light and advancements of both film and digital cameras over the last 100+
years has enabled the development of techniques which can probe specific atomic and molecular
transitions and interact with matter in ways that transform the way we understand the chemistry
and physics of countless phenomena. The following sections provide a basic background to two
different diagnostic techniques: Imaging of planar Mie scattering and laser-induced fluorescence.
For a detailed treatment of these techniques, please refer to [12] and [40].
1.2.5.1 Laser Mie Scattering
Mie scattering is the elastic scattering of light off of spherical particles. Gustav Mie first
developed his theory of electromagnetic scattering by homogeneous spherical particles in 1908.
This technique has been used extensively to understand key kinetic and transport parameters of
reacting flows such as aerosol particulate formation processes [88, 90], location and extinction of
liquid aerosols dispersed in various combustion and spray systems [32, 56, 9], and even tracking of
fluid flow patterns in complex flow geometries [46, 43]. Figure 1.3 uses Mie theory to calculate the
Mie scattering efficiency for water droplets (refractive index of n = 1.33) which relates the absorbed
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and extinction efficiencies of dielectric spheres of finite radii [12]. The y axis represents the total
scattering efficiency normalized by the cross-sectional area, Qs/pia
2, and the x-axis represents the
incident wavevector times the particle radius, q = k0a = 2pin0a/λ. The incident wavenumber is
k0 = 2pin0/λ, where n0 is the index of refraction in the surrounding media and λ is the wavelength
of incident light. For small values of the diffraction parameter, q  1, the Mie solution corresponds
to the Rayleigh scattering regime. For q > 20, scattering efficiency is determined by geometrical
optics.
Figure 1.3 The scattering cross-section of dielectric spheres of refractive index n = 1.33
(water) as a function of the parameter q = 2pia/λ.
When capturing Mie scattering from small droplets and particles using a camera, the angle
of collection, θ, becomes an important consideration in determining the total intensity of light
impinging on the imaging sensor. In the case of 90 ◦ collection (perpendicular to incident light),
the total collection intensity from a dielectric sphere, normalized by the incident laser intensity
becomes:
I(θ)
I0
=
1/2(i1 + i2)
k2r2
(1.4)
where
i1 = |S1(θ)|2, i2 = |S2(θ)|2, (1.5)
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and the amplitude functions are given by:
S1(θ) =
inf∑
n=1
2n+ 1
n(n+ 1)
{anpin + bnτn} (1.6)
S2(θ) =
inf∑
n=1
2n+ 1
n(n+ 1)
{bnpin + anτn}. (1.7)
The coefficients an, bn and functions pin and τn can be found in any complete treatment of Mie
theory and is left as a reference for the reader [11].
Assuming a dielectric sphere with a refractive index of n = 1.33 (water), and using an incident
wavelength of 632.8 nm (HeNe laser) used in this study, a quick assessment of the lower detection
limit of droplet sizes over which Mie scattering is significant can be obtained. Figure 1.4 shows
the normalized scattering intensity for spheres in the range 0 < q < 30. As can be observed from
the graph, intensity of scattering signal drops off rapidly below q ≈ 1.6 (particle radius of ∼ 120
nm) for water droplets in air. Additionally, in Figure 1.4 the normalized scattering intensity for
a droplet of bio-oil is calculated for a dielectric droplet in air using a value for refractive index of
bio-oil (n = 1.5) reported by Manara et al.[52]. A similar exponential drop off is observed near
q ≈ 1.6 (particle radius of ∼ 120 nm), suggesting a potential value for lower detection limits of
scattering signal for very small droplets. Of course, minimum detection limits are a function of
camera sensitivity and the local number density of tiny droplets and must be either determined
experimentally or assumed based off of a detailed knowledge of the system.
1.2.5.2 Laser-Induced Fluorescence
Laser-induced fluorescence (LIF) is the spontaneous emission of light following the excitation of
a specific molecule or atom to an excited electronic energy level using a narrow wavelength of light.
Figure 1.5 shows a typical Jablonski diagram illustrating the two-stage process of fluorescence.
First, a targeted molecule or atom is excited from the ground state (s0) due to the absorption
of a laser photon. The next step involves rapid relaxation to the lowest vibrational energy level
of the upper state (s1). Subsequently, a photon is spontaneously emitted back to the ground
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Figure 1.4 The normalized scattering intensity of water (refractive index, n = 1.33) and
bio-oil (refractive index, n=1.5) taken at an incident angle of 90 ◦ as a function
of the parameter q = 2pia/λ.
state at a red-shifted (lower energy) wavelength. This electronic transition is broadened by the
rotational and vibrational structure of the ground and excited state, and red-shifted due to energy
losses between the excitation and emission processes [50]. This interaction of light with targeted
atoms and molecules makes laser-induced fluorescence a valuable tool for studying the structure
of molecules, flow visualization based off of specific tracer compounds, and providing means of
measuring temperature, pressure, and concentration in a host of different environments [40].
Laser-induced fluorescence measurements in reacting flows
Laser-induced fluorescence has been used extensively as a non-intrusive, in-situ measurement
technique for experimental studies in fluid mechanics and combustion to better understand the
complex interplay between transport and kinetics of these systems. Traditionally, a single atom or
molecule with well understood spectral behavior, known as a tracer molecule, is identified based
off of desired properties similar to the thermo-fluid system of interest, or are chosen to allow for
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Figure 1.5 Typical Jablonski diagram illustrating laser induced fluorescence.
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remote determination of a desired quantity of interest. Tracers can be either added to a system, or
may be naturally present and can be readily identified and used for study.
A large range of inorganic fluorescent tracers have been identified ranging from single atoms
(i.e. metal salts seeded into flames) to small inorganic molecules (OH, NO, SO2, etc) and are often
used in combustion diagnostics [40]. Additionally, many poly-atomic organic molecules exhibit a
broad-band absorption spectra and have significant chemical similarity with fuels under study —
allowing for minimally intrusive measurements within a reacting environment. Single ring aromatic
hydrocarbons such as benzene, toluene and xylene and larger aromatics like naphthalene are found
in transportation fuels and can be tailored to experimental needs based off of desired boiling points
and molecular sizes. Additionally, several classes of aliphatic compounds contain chromophores
which allow for fluorescence including ketones, aldehydes, and amines [80]. Larger polycyclic aro-
matic hydrocarbons (PAH) have also been utilized as fluorescent tracers to better understand the
mechanisms of soot formation and growth from these PAH compounds in flames[71, 63, 10, 27, 28].
These studies have examined the fluorescence maxima for numerous PAHs and have observed a
red-shift in fluorescence signal with increasing molecular weight and for emissions at higher tem-
peratures.
Acetone PLIF temperature measurements
One of the widely used applications for LIF is as a non-intrusive measurement of temperature.
Acetone is a common tracer molecule that has a well-characterized thermal response, and has been
widely used for temperature measurements due to its relatively low toxicity and low cost. In the
linear regime of excitation/emission, fluorescence signal intensity can be modeled as
Sf (λ, T ) = ηopt
E
hc/λ
dVcnabs(T )σ(λ, T )φ(λ, T ), (1.8)
where ηopt is the overall efficiency of the collection optics, E is the laser fluence (J cm
−2), hc/λ
is the energy (in Joules) of a photon at the excitation wavelength λ, and dVc is the collection
volume (cm3). Temperature-dependent quantities include nabs, or the number density of absorbing
molecules (cm−3), the molecular absorption cross-section σ (cm2), and the fluorescence quantum
yield, φ [40, 85].
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For a given laser wavelength, pressure, gas mixture, and concentration of acetone, the temper-
ature can be inferred from the fluorescence signal collected by a camera with reference to a room
temperature signal. Thurber and Hanson present an estimation of of uncertainty across several
wavelengths and pressures assuming an appropriate calibration is applied. Using a 266 nm exci-
tation wavelength and operating at atmospheric pressure, the random measurement uncertainty
is approximately 0.6%, or 4.8 ◦C with good sensitivity to temperature across the parameters con-
sidered [85]. Of course, uncertainty also must include the uncertainty of the calibration technique
used, but this is highly dependent upon the experimental configuration.
Use of LIF to study biomass pyrolysis
Several studies have utilized LIF techniques to study biomass pyrolysis and are limited to
slow pyrolysis and targeted compound studies. Brackmann et al. studied the fluorescence signal
for several excitation wavelengths during the pyrolysis of thermally-thick birchwood particles in
two specially designed reactors [13]. This work revealed broadband fluorescence spectra in the
region from 300–500 nm and associated this signal with polyaromatic hydrocarbons. He further
visualized large wood samples and observed the flow of products occurs along the fiber orientation
of the wood samples. Following upon the work of Brackmann, Prins et al. utilized LIF techniques
in a wire-mesh reactor to image the formation of formaldehyde and carbon monoxide during the
pyrolysis of pine wood powder during a step-wise temperature ramp [74]. Finally, several studies
by Anca-Couce and colleagues utilized LIF to study the product stream both in the primary and
downstream regions and attempted to characterize products being produced from knowledge of the
local reactor conditions and the slight fluorescence peak-shift evident during the slow pyrolysis of
wood and several pseudo-components [97, 37, 38]. They concluded that fluorescence signal during
the early stages of pyrolysis (< 200 ◦C) are primarily from carboxyl groups while later stages exhibit
mono-phenolic and 2-ring aromatics (PAH) during primary devolatilization with a shift to 3- and
4-ring aromatics (PAHs) as secondary reactions begin to dominate.
Atmospheric scientists often use LIF techniques to study primary and secondary pollutants
consisting of aldehydes and phenolic compounds from motor vehicle exhausts and forest fires. These
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pollutants pose significant threats for human health and global warming and the ability to track
the mechanisms of formation and destruction in the atmosphere using LIF techniques can provide
significant opportunities to mitigate these risks [29, 25, 22]. Many of these pollutant compounds
are similar in nature to those found in biomass pyrolysis (and are often produced via pyrolysis
reactions within the combustion system), however current literature is limited to relatively small
oxygenated molecules. Some evidence does exist, however, that suggests many larger oxygenated
compounds typically produced during biomass pyrolysis may be fluorescent active and could be
investigated using these well established techniques. Brewer, et al. utilized NMR analysis of
biomass chars produced via slow pyrolysis, fast pyrolysis and gasification to develop conceptual
models of the aromatic clusters typical in these chars. Her work identifies multiple chromophores
contained within the biochars which are likely fluorescent active [15]. Further, Jamieson et al. used
UV-vis-absorption and excitation-emission matrix fluorescence spectroscopy to analyze lechate from
biochar used as a soil amendment and detected unique dissolved organic matter fluorescence signals
based on the biomass origin and method of biochar production [48]. These studies point to the
existence of large oxygen-containing aerosols which can be released during biomass pyrolysis and
exhibit a strong fluorescence signal and give rise to the use of LIF techniques to investigate product
formation mechanisms during biomass fast pyrolysis.
1.3 Research Objectives
The goal of this dissertation is to advance the current state of knowledge of biomass fast pyrolysis
to better understand the multi-phase and multi-scale mechanisms which drive product production
and transport. This will be executed through the development of new equipment and methodologies
which allow for the spatially- and temporally-resolved tracking of product formation mechanisms in
the environment local to the reacting feedstock for whole biomass and several of its components. In
light of the existing literature and desire to perform these investigations under practical pyrolysis
conditions, this dissertation will address the following objectives:
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1. Develop and fully characterize a novel pyrolysis reactor with heating rates and temperatures
relevant to fast-pyrolysis and incorporates multi-sided optical access enabling imaging and
laser-based study of primary and secondary pyrolysis reactions. This reactor should allow for
the capture of all relevant pyrolysis steps including heating, melting and agglomeration, and
evaporation/ejection to form downstream products.
2. Utilize single component feedstocks to build a foundation on which to explain the key physic-
ochemical and transport mechanisms which determine product formation in lignocellulosic
(whole) biomass pyrolysis.
3. Investigate the relative importance of the proposed primary transport mechanisms found
in literature including boiling ejection of aerosols and inorganic compounds vs evapora-
tion/repolymerization of products to form the final composition of bio-oil.
4. Determine the timescales of product formation and transport under the pyrolysis conditions
determined for this experimental configuration.
1.4 Dissertation Summary
The following describes in brief what will be discussed in each chapter of this dissertation.
Chapter 2 introduces the experimental equipment and techniques used for performing optical
measurements of product formation mechanisms during biomass pyrolysis.
Chapter 3 presents the development of the the novel optically accessible pyrolysis reactor and
detailed characterization of the reaction environment and pyrolysis experiment.
Chapter 4 discusses the timescales and observed mechanisms of product transport and formation
by utilizing imaging of planar Mie scattering of condensed products across the reactor’s
thermal boundary layer and color-micrograph imaging of feedstock morphological changes.
Chapter 5 extends the analysis from Chapter 4 by using three separate wavelengths to excite
a range of fluorescent-active compounds. The fluorescent signal is simultaneously imaged in
the same plane as Mie scattering and comparisons on the timescale and nature of product
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formation are discussed. Additionally, a look into the location and scales of aerosols produced
within the fluorescent region is accomplished through near-surface aerosol collection and
subsequent analysis with fluorescence and TEM microscopy.
Chapter 6 contains a summary of the work completed for this dissertation and a discussion of
its impact and future research directions.
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CHAPTER 2. EXPERIMENTAL METHODS
The experimental methods used to investigate the fundamental physicochemical and transport
phenomena associated with pyrolysis of whole biomass (red oak) and its components are described
in this chapter. First, details of the materials used and several custom experimental systems which
were developed to enable the novel investigations carried out in this work are described. Then, a
brief overview of the commercial instruments used in this work are summarized.
2.1 Materials
Northern Red Oak (Quercus rubra) was obtained from Wood Residuals Solutions (Montello,
WI). Bark-free chips were ground and sieved using the appropriate ASTM sieves in series (sieves
#18, #30, #40, #70, and #200). Corn stover lignin, isolated using the organosolv process was
provided by Archer Daniels Midland (ADM) and was ground and sieved to achieve a size range of
75-212 µm. Sigmacell Cellulose, Type 50, was obtained from Sigma-Aldrich and used as received.
Levoglucosan was obtained from Carbosynth Limited and used as received. In order to match
the characteristics observed during the pyrolysis of whole biomass, lignin was dispersed in a silica
matrix in a 2:1 ratio by first mechanically mixing the appropriate mass of fumed silica (Aerosil COK
84, which is a 5:1 mixture of SiO2:A2O3, Evonik Industries) with ADM lignin followed by addition
of 30 mL of isopropyl alcohol and subsequent sonication for 15 minutes to ensure a homogeneously
dispersed mixture. The suspension was placed in a vacuum oven at approximately 10 inHg of
vacuum and 40 ◦C for 15h. Finally, the precipitate was ground and sieved to obtain fine particles
less than 212 µm in size.
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2.2 Development and characterization of optical pyrolysis reactor and analysis
of transport limitations
After consulting with several research-scale pyrolysis reactor manufacturers it was determined
that no commercial pyrolysis system was able to meet all of the objectives of the current study and
thus a reactor was developed and characterized in-house and included a custom data acquisition
system for precise control. At a minimum, we needed a reactor with 4-sided optical access, ability
to reach heating rates and temperatures relevant to fast pyrolysis (400 - 600 ◦C, >100 ◦C s−1), was
characterized by highly repeatable operation and that incorporated advanced timing ability for
synchronizing with laser diagnostics and cameras. A description of this reactor as well as details
of the methods used to characterize the system’s thermal profile and pyrolysis performance are
described in the following sections.
2.2.1 Reactor description and operation
The optically accessible filament pyrolysis reactor (Figure 2.1) used in this study consisted
of a 0.375-in wide by 0.005-in thick nickel ribbon wire that was formed into a ‘U’ shaped cup
and suspended between two copper electrodes which supplied current to the filament for joule
heating. The shell of the reactor was constructed from a square 3-in by 3-in stainless steel tube
that had grooves machined on all four sides to mount 1-in x 4-in quartz windows. The shell was
mounted on top of a ceramic base that had 64 1/16-in holes spaced 0.25-in apart that allowed for
a uniform nitrogen purge to enter the chamber with a flowrate of 1 SLPM. An analog-controlled
programmable power supply (Sorensen XFR 7.5-300) was used to supply power to the strip and
was interfaced with a custom data acquisition and control system to sync the power supply, lasers,
cameras, and data acquisition. A current-ramp of 83 A for 4 s followed by a current-hold of 53
A for the remainder of the test resulted in a filament heating ramp of 135 ◦C s−1 and associated
reactor thermal environment as was characterized by multi-point thermocouple measurements and
acetone PLIF temperature measurements. To minimize any catalytic effects from the strip surface,
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the nickel strip was heated in an air environment to allow for oxidation of the surface prior to any
pyrolysis experiments.
Figure 2.1 Optically accessible pyrolysis reactor with filament heater and ceramic laminar
flow element. a. CAD drawing of the reactor. b. Schematic representation of
flow within the pyrolysis cell. Cool nitrogen enters through a ceramic laminar
flow element at the bottom of the reactor and passes by the filament strip.
Upon heating, pyrolysis products are driven by free convection away from the
strip and condense in the thermal boundary layer where warm products and
cool nitrogen flows meet.
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2.2.2 Thermal characterization of the reaction environment
The pyrolysis reactor was characterized utilizing two complementary measurement techniques.
First, planar laser-induced fluorescence (PLIF) was utilized as a non-intrusive temperature mea-
surement technique relying on the thermal response of acetone fluorescence [85]. Acetone PLIF
excitation was achieved using the fourth harmonic of a Nd:YAG laser (266 nm) formed into a
collimated laser sheet approximately 25 mm tall and 0.5 mm wide using a -300 mm focal-length
cylindrical concave lens and a laser power of 44 mJ per pulse. Signals were collected with a time-
gated Princeton Instruments ICCD camera fitted with a Nikon Nikkor 55 mm, f/1.2 lens. Acetone
was seeded into a nitrogen flow at constant concentration by bubbling the nitrogen through liquid
acetone held at a constant temperature in a water bath. As illustrated in Figure 2.2a, the thermal
response of acetone was characterized for this setup by passing the acetone-seeded nitrogen flow
through two tubes, one heated and one maintained at ambient temperatures. The ratio of fluores-
cence signal between the heated and ambient temperature tubes provided a calibration curve for
the temperature response of Acetone for the given optical setup. Once the acetone PLIF response
was determined for the optical system, the pyrolysis reactor was characterized by passing the same
concentration of acetone in nitrogen through the reactor as the sweep gas (Figure 2.2b) and cap-
turing the thermal response as the reactor was heated utilizing the same heating profile used in the
pyrolysis experiment. Results were captured at a rate of 5 Hz with a short-gated intensified CCD
camera (Princeton Instruments, PI-MAX2).
In order to provide higher temporal resolutions and to verify PLIF measurements, a 0.003-
in, k-type thermocouple was transversed throughout the reaction zone at 34 positions along the
strip centerline as shown in Fig. 2.2c. An electrical current was applied to the reactor filament
without any sample loading using the same heating profile as the pyrolysis and acetone PLIF
characterization experiments. Temperature profiles at each thermocouple location were measured
at a rate of 250 Hz and were performed at least in triplicate with sufficient time allowed for
the reactor to cool between each run. Temperature data was processed using a rloess smoothing
function (local regression smoothing function which used a weighted linear least squares and a
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Figure 2.2 Acetone PLIF and multi-point thermocouple temperature characterization
methodology. a.) Calibration of the thermal response of acetone fluorescence
was accomplished using a 10 Hz 266nm Nd:YAG laser and two acetone seeded
nitrogen flows (one heated, one ambient). The ratio of the signal intensities
between the heated and cool tubes provides the basis for the temperature mea-
surement. b.) Acetone PLIF thermal response inside the pyrolysis reactor
(seeded with the same concentration of acetone) was captured during typical
heating profiles. c.) Locations of fine wire thermocouple temperature measure-
ments inside of the pyrolysis reactor. d.) Acetone PLIF temperature calibra-
tion curve compared to Thurber [85]. All tests were done utilizing an empty
filament with the same current ramp as the pyrolysis experiments.
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2nd degree polynomial model) with 10 % span to eliminate spurious data points from each time
series run and then averaged over multiple runs for each location. Averaged values taken at each
location were interpolated using a cubic triangulation method and plotted on a 2D isocontour map.
Isocontours presented are reproducible within 10 % deviation from measured values. A measure
of reactor repeatability is shown in Figure 2.3. Briefly, temperature profiles for three consecutive
current ramps (with sufficient time to allow the strip to cool in between) were measured using direct
contact with the filament, and taken at 0.05” above the filament surface. These results indicate the
repeatability of the strip to be +/- 10 ◦C using the heating profile shown here. Finally, temperature
profiles taken at three different locations during the pyrolysis of 1 mg cellulose were found to be
consistent with empty filament temperature profiles within the stated deviation.
Figure 2.3 Repeatability of heater strip and data control shown for three consecutive cur-
rent ramps at two different thermocouple locations. The upper series corre-
sponds to direct measurement of the filament strip surface while the lower
series corresponds to measurements taken 0.05” above the reactor filament.
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2.2.3 Measurement of effective thermal conductivity of biomass feedstocks
Measurements of the effective conductivity of the particulate biomass samples was performed
utilizing a line-heat source apparatus (Figure 2.4) following the design principles detailed by Presley
et al. [73, 72]. Briefly, the line-heat source conductivity apparatus consists of a sample holder
constructed from a 2-inch long, 1-inch OD, 0.5-inch ID Teflon tube fitted with two Teflon NPT
end caps yielding a cylindrical sample cavity that was ∼1.5 in long with an internal diameter of
0.5 inches. A 0.003-in diameter platinum heating wire (Alfa Aesar 10291G2) was passed through
the center of the Teflon tube and passed over a copper electrode before being attached to a spring
on each end to avoid movement of the wire due to thermal expansion during heating. Current
was supplied across the copper electrodes by a Mastech HY 3005F-3 DC Power Supply. A 0.003-
in K-type thermocouple is set ∼1 mm below and perpendicular to the heating wire in order to
measure temperature of the system and was recorded at 250 Hz using the DAQ system described
above. After loading the sample into the Teflon tube, sufficient time was allowed for the system to
equilibrate at room temperature until thermocouple readings changed less than 1 ◦C/min. The data
acquisition system was initiated and several seconds of baseline temperature was recorded before
supplying power to the line-heat source. Voltage and current measurements were recorded at the
beginning and end of each run using a digital multimeter and were averaged in order to calculate
the average power applied to the line-heat source throughout the run. The thermal conductivity
of the particulate sample can then be determined by applying the equation
κ = q
ln 10
4pi
∆T
log(∆t)
, (2.1)
where κ is the thermal conductivity, q is the average power applied during the run, and ∆T and
∆t correspond to the change in temperature and time, respectively, for the linear portion of the
temperature vs logarithm of time plot for the run. Tests for each sample were performed at least in
triplicate. After analysis of each sample, material was collected and weighed in order to calculate
the bulk density for the sample.
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Figure 2.4 Conductivity apparatus used for measuring bulk thermal conductivity of par-
ticulate material. Current is supplied to the thin platinum filament through
the copper electrodes as it passes through the teflon sample holder which con-
tains the granular material. Current, voltage, and temperature are recorded as
a function of time and used to calculate the effective thermal conductivity of
the feedstock.
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2.2.4 Confirmation of reactor performance via GC/MS analysis of quenched products
Typical products from the pyrolysis of the feedstocks used in this study were collected for
subsequent GC/MS analysis using a condenser coil submerged in an ice water bath as illustrated in
Figure 2.5. Approximately 1 mg of feedstock was placed onto the filament strip and the reactor was
purged with nitrogen. A 1 meter long, 1/8-in OD stainless steel tube was formed into a condenser
coil and was submerged into a beaker water at 0 ◦C. One end was connected to the outlet of the
pyrolysis reactor while the other end was connected to a vacuum pump in order to extract and
quench pyrolysis products as quickly as possible. The pump was turned on just prior to initiating
the heating profile and was turned off approximately 10 seconds after initiation. This process was
repeated thirty times (with extraction occurring every 10 runs) for each feedstock in order to collect
enough pyrolysis products for analysis.
In order to extract the pyrolysis products from the condenser coil for analysis, approximately 20
mL of a 50/50 mixture of MilliQ deionized water and HPLC grade 4 methanol was washed through
the entirety of the condenser coil a minimum of three times. This wash was used for each of the
three extractions performed over the 30 runs for each feedstock resulting in a concentrated solution
of pyroylsis products for analysis. Prior to analysis, the entire wash was filtered through a 0.22 µm
cellulose acetate syringe filter and stored in a refrigerator until analysis was completed.
It should be noted that the intent of this reactor is not for studying chemical kinetics ex situ.
Rather, the design of this reactor necessitates quenching of the products prior to leaving the reactor
and entering the condenser coil. The intent of the off-line product analysis via GC/MS is not to
obtain information on chemical kinetics or obtain proper mass balances, rather, it is to verify the
products being produced in the novel pyrolysis reactor correspond to the classes of compounds
found in comparable fast pyrolysis processes throughout literature.
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Figure 2.5 Condensate collection setup for collection of pyrolysis products for analysis
with GC/MS. A 1/8-in stainless steel tube is connected to the outlet of the
pyrolysis reactor and formed into a condenser coil which is submerged into a
bath of ice water. A vacuum pump is attached to the opposite end of the coil
in order to pull the products from the reactor and quench them as quickly as
possible.
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2.3 Instrumentation
Several commercial instruments were utilized to characterize the biomass feedstocks and con-
densed pyrolysis products. A brief description of each instrument and associated conditions of
operation of each are documented below.
2.3.1 Thermal gravimetric analyzer (TGA)
A Netzsch DSC/TGA (STA449 F1) was used for proximate analysis of biomass samples used
for this study. The modified ASTM method determined moisture content, volatile content, fixed
carbon, and ash in the various feedstocks. Briefly, approximately 7 mg of biomass feedstock is loaded
into a ceramic crucible. The feedstock is heated from ambient to 105 ◦C at a rate of 10 ◦C min−1
and held for 40 minutes in a nitrogen environment in order to determine mass loss associated with
water content. The temperature is then increased to 900 ◦C at a rate of 10 ◦C min−1 in nitrogen
and held for 20 minutes to determine the concentration of volatiles. Finally, the sample is held at
900 ◦C in an air environment in order to drive off any fixed carbon. The residual mass is attributed
to ash. Work was performed at the Chemical Instrumentation Facility on the campus of Iowa State
University.
2.3.2 Gas chromatograph/mass spectrometer (GC/MS)
An Agilent 6890N gas chromatograph (GC) with a 5973 Mass spectrometer (MS) (Santa Clara,
CA, USA) was used to identify the condensed pyrolysis products collected during the pyrolsis of the
feedstocks used in this study. This GC/MS instrument had a high temperature, thin-film version of
a DB-5 column that was 30 m in length with a 0.1 µm film thickness and 0.32 mm inner diameter.
The GC method parameters were as follows: the injector temperature was set to 280 ◦C, with
an oven program to hold at 40 ◦C for 2 minutes followed with a ramp of 15 ◦C min−1 to 340 ◦C
and hold of 2 minutes. The total runtime was 24 minutes and the detector temperature was set
at 300 ◦C. A 3-minute solvent delay was implemented and used in conjunction with a cryogenic
focusing technique in attempt to better observe compounds usually masked by the solvent peak.
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Agilent MassHunter qualitative software was used in conjunction with the 2012 NIST library of
mass spectra to identify retention times and determine the peak areas. Work was performed at the
Chemical Instrumentation Facility on the campus of Iowa State University.
2.3.3 TEM microscopy
Transmission electron microscopy of pyrolysis aerosols collected on TEM grids was carried out
using a JEOL JSM2100 scanning and transmission electron microscope with an accelerating voltage
of 200 kV (Japan Electron Optics Laboratories, Inc. LLC, USA, Peabody, MA) and imaged with
a Gatan OneView camera (Gatan Inc., Pleasanton, CA) at the Roy J. Carver High-Resolution
Microscopy Facility at Iowa State University.
2.3.4 Fluorescence microscopy
A Zeiss Axio Imager A2 microscope was used to image pyrolyisis aerosols collected on TEM
grids and glass cover slides. This system included both a broad halogen light source (HAL100) and
a Colibri.2 LED light source with 365 nm and 470 nm diodes. Corresponding fluorescence filters
included a Zeiss Filter Set 49 (Ex: 365 nm, FT: 395 nm, BP: 445/50 nm) and a Zeiss Filter Set
38 (Ex: 470/40 nm, FT: 495 nm, BP: 525/50 nm). Objectives used included 5x/0.13, 20x/0.4,
50x/0.7 and 100x/0.8.
2.4 Setup and methodology for optical diagnostics of pyrolysis reactions
The use of optical diagnostics to capture changes to the feedstock phase and morphology while
simultaneously imaging product transport via tracking of fluorescent compounds and product con-
densation across a well-characterized thermal boundary layer allows for a greater understanding of
the mechanisms which drive product formation in biomass fast pyrolysis. The following sections
describe two experimental configurations and associated procedures which have been developed and
utilized in the current study.
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2.4.1 Dual imaging of feedstock morphological changes and Mie scattering of con-
densed products
Imaging experiments were performed simultaneously using two cameras to capture both phys-
ical changes to the sample and Mie scattering from the condensed products (Figure 2.6). Color
microscopic imaging experiments were performed using a DSLR camera (Nikon D7200) at 60 Hz
with a long working-distance microscope objective (MX-5, Infinity Photo-Optical) held at a 27-
degree angle to the surface plane and was focused on the sample. This resulted in a magnification
of 80 pixels/mm with a depth of field of ∼1 mm. Mie scattering images were captured at 250 Hz
through a reactor window adjacent to the DSLR using a high-speed CMOS camera (Fastcam Model
SA5, Photron) and a micro lens (Micro-NIKKOR f/2.8, 105mm) mounted with a 632 nm bandpass
filter (Edmund Optics, 65-227). The exposure was held at 1/250 s to optimize light collection into
the camera. The resulting field of view was 30 mm high by 15 mm wide, with a resolution of ap-
proximately 50 µm. Illumination for Mie scattering was provided by a 632.8 nm, 10 mW HeNe laser
(Model 1135P by JDSU) which was formed into a 40-mm tall by 1.25-mm thick laser sheet that
was passed through the center of the optically-accessible pyrolysis reactor at an angle of 27 degrees
above the surface plane. This sheet was centered over the heated strip to give a two-dimensional
slice of the product condensation and particle field over the biomass sample during pyrolysis. A
fiber-optic lamp (Fiber-lite Model-190, Dolan Jenner) illuminated the sample and relevant features
of the reactor from the same observation window used with the CMOS camera.
Image contrast and brightness were uniformly adjusted for each feedstock and an artificial
colormap was applied to highlight features across a wide dynamic range. For several feedstocks,
the region inside of the pyrolysis cup was further adjusted for contrast to better resolve both near-
surface and downstream phenomena in over a large image dynamic range. The time-dependent
scattering intensity was evaluated using integrated bin regions above the filament in each frame of
the high-speed camera in order to obtain information on scattering intensity versus time.
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Figure 2.6 Top view of experimental setup for feedstock and condensed products dual
imaging experiments. The HeNe laser sheet images aerosols/droplets via laser
scattering on a high speed camera while a DSLR camera with a long working
distance objective images the biomass sample inside of the U-shaped filament.
The yellow triangle represents approximate fiber lamp illumination.
Figure 2.7 Experimental setup for simultaneous Mie scattering and fluorescence imaging
studies. (a) Top view of imaging setup. The HeNe laser sheet passes over top
of the Nd:YAG beam path and angles into the reactor to access the biomass
sample inside of the U-shaped filament. Yellow triangle represents approximate
fiber lamp illumination. (b) Overlayed image registrations from each camera.
(c) Overlay of images with bin regions A and B defined.
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2.4.2 Simultaneous Mie and fluorescence imaging of product transport
Simultaneous imaging experiments of both fluorescence signal and Mie scattering from the
condensed products (Figure 2.7a) were captured using different cameras to capture each signal.
Mie scattering images were captured at 250 Hz through a reactor window orthogonal to the laser
beam with a high-speed CMOS camera (Fastcam Model SA5, Photron) and a micro lens (Micro-
NIKKOR f/2.8, 105mm) with a 50-mm diameter, 632 nm bandpass filter (Edmund Optics, 65-227)
and 12 mm extension tube. The exposure was held at 4 ms to maximize light collection into the
camera. The resulting field of view was 45 mm high by 15 mm wide. Illumination for Mie scattering
was provided by a 632.8 nm, 10 mW HeNe laser (Model 1135P by JDSU) which was formed into a
40-mm tall by 1-mm thick laser sheet that was passed through the center of the optically-accessible
pyrolysis reactor at an angle of 27 degrees above the surface plane. This sheet was centered over
the heated strip to give a two-dimensional slice of the product condensation and particle field over
the biomass sample during pyrolysis.
Three different configurations of collection optics were used for the fluorescence imaging of
volatiles leaving the pyrolyzing particles which were excited using the 532 nm, 355 nm, and 266 nm
(second, third, and fourth) harmonics of a Nd:YAG laser (Spectra-Physics, Quanta-Ray PIV-400)
at an energy of 2 mJ/pulse. Fluorescence imaging was captured at 10 Hz utilizing an ICCD camera
(Princeton Instruments, PIMax2). For each wavelength, appropriate mirrors, lenses and filters were
selected as documented in Table 2.1 to optimize collection of LIF signal and reduce the potential for
collection of laser scattering from the Nd:YAG. In all cases, the LIF beam was formed into a 35-mm
tall by 1-mm wide sheet utilizing a -300 mm cylindrical lens and was aligned coincident with the
HeNe sheet as it passed through the center of the pyrolysis reactor. To ensure signals were in fact
from product fluorescence and not from laser induced incandescence, the laser energy was increased
until incandescence was observed. This observed incandescence, evident through the strong signal
levels observed and broadband emission, required laser fluences two orders of magnitude larger
than those used in the fluorescence studies. Finally, a white-light fiber-optic lamp (USHIO Model
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ULB-35) illuminated the sample and relevant features of the reactor from the window opposed to
the incoming Mie-scattering and fluorescence-excitation lasers.
Table 2.1 Fluorescence system configuration for each excitation wavelength
266 nm 355 nm 532 nm
1st Stage Crystal Type II SHG Type I SHG Type II SHG
2nd Stage Crystal FHG THG X
ICCD Gain Setting 120 180 180
ICCD Camera Lens [a] [b] [b]
ICCD Longpass Filter A RG610 GG435 WG295
ICCD Longpass Filter B OG590 GG400 X
a UV Lens (CERCO-2073-126-SODERN, f/1.8, f=45.5 mm)
b Nikon NIKKOR, f/1.2, f = 50 mm
System timing was verified with an oscilloscope to confirm sychronization of both image se-
quences, and a registration image (Figure 2.7b) was taken to allow direct overlay and correlation of
both the fluorescence and scattering maps. Image contrast and brightness were uniformly adjusted
for each feedstock and artificial colormaps were applied to highlight features across a wide dynamic
range. The time-dependent scattering and fluorescence intensities were evaluated for each frame
of the image series using integrated bin regions above the filament as indicated in Figure 2.7c in
order to plot scattering intensity and fluorescence yield versus time.
2.5 Aerosol sampling methodology
Collection of aerosols for analysis of product formation inside of the reactor by means of trans-
mission electron and fluorescence microscopy was accomplished by suspending a Size 100 hexagon
carbon support TEM grid in a targeted location directly above the filament heater as illustrated in
Figure 2.8. Based on a comparison to the condensed phase formation locations and disturbances
seen in previous results, Figure 2.8 reveals the TEM grids insertion was deemed minimally intrusive.
Each grid was mounted using a spring loaded tweezer affixed to a 3-axis translational stage and was
positioned within a targeted product formation region as determined from previous Mie scattering
condensation experiments without a grid. Pyrolysis conditions were identical to those previously
described with the modification that the filament heater current was shut off after 5 seconds and
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a 10 SLPM flow of N2 was initiated to quickly cool the reactor and prevent the TEM grids from
melting or products from continuing to react on the substrate.
Figure 2.8 Aerosol sampling for TEM and fluorescence imaging studies consisted of insert-
ing TEM grids into the reacting flow in order to capture initial products. (a)
Size 100 hexagonal TEM grid inserted 0.220-in above cup surface during the
pyrolysis of cellulose (b) Size 100 hexagonal TEM grid inserted 0.440-in above
cup surface during the pyrolysis of cellulose
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CHAPTER 3. CHARACTERIZATION OF BIOMASS PYROLYSIS
EXPERIMENT
The mechanisms that drive biomass pyrolysis involve a complex interplay among thermodynam-
ics, chemistry, and transport which can vary significantly with the physical and chemical makeup
of the biomass feedstock. The pyrolysis process is ultimately controlled by the heat and mass
transfer mechanisms and kinetic timescales [24, 69]. An understanding of reactor and feedstock
thermal properties with knowledge of the kinetic timescales of each feedstock is necessary to iden-
tify the pyrolysis regime under which these experiments were performed, enabling the identification
of relevant target reactor conditions and providing a more direct comparison of the current results
to the literature. In addition to understanding the limiting transport phenomenon, knowledge of
the detailed thermal profile throughout the reaction environment will aid in understanding the
conditions surrounding the observations of solid and liquid morphological changes and subsequent
identification of condensed phase products associated with these changes.
This section describes the experimental results from a series of tests used to characterize the
pyrolysis experiment and reaction environment. First, results from fine wire gauge thermocou-
ple temperature measurements and planar laser-induced fluorescence (PLIF) of an acetone-seeded
flow are presented to determine the two-dimensional temperature map of the environment directly
above the (unloaded) filament using the same heating ramps used in pyrolysis experiments. Next,
feedstock composition is characterized by proximate analysis and the effective thermal conductiv-
ities of granular biomass samples used in these studies were measured using a line heat source
measurement to better characterize the conductive heat transfer inside the fixed bed during pyrol-
ysis. These studies allow for subsequent non-dimensional analysis of the experiment to place the
results within the context of literature and provides basis for comparison of pyrolysis pathways for
different feedstocks based on their unique transport limitations. Finally, results from the analysis
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of condensed vapor products for several feedstocks used in this study were analyzed with GCMS
and are presented as a verification that the novel pyrolysis reactor performs as expected and yields
reasonable classes of compounds for each feedstock.
3.1 Thermal characterization (thermocouple and acetone-PLIF)
Figure 3.1 shows the two-dimensional temperature profile inside of the pyrolysis reactor deter-
mined by acetone laser-induced fluorescence and multi-point thermocouple mapping (Figure 3.1(a)
and (b), respectively). As described in Chapter 2, in this experiment nitrogen enters the bottom
of the pyrolysis reactor through a 64-hole plate and creates a laminar flow condition as it passes
through the cell with a bulk velocity of approximately 4.1 mm/s. As the laminar flow passes by the
U-shaped heater filament a thermal boundary layer forms downstream, providing a range of ambi-
ent to high temperature conditions across the thermal boundary layer (from left to right in Figure
3.1(a). This temperature gradient provides the basis for observing product condensation in subse-
quent pyrolysis experiments. Further, analysis of the temperature map reveals a free-convection or
buoyancy-driven region inside of the filament cup and can be observed almost 2.5 filament diameters
downstream of the filament surface. This buoyancy-induced motion indicates vapor-phase product
transport is driven by free-convection and results in gradients of both temperature and species
concentration in this region. Figure 3.1(c) shows the temperature profile along the centerline of
the filament heater at various heights above the filament and reveals a surface heating rate of 135
◦C/s.
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Figure 3.1 Temperature evolution of the optically-accessible pyrolysis reactor. (a) Two-di-
mensional PLIF temperature results for heated filament (no sample loading).
White curve represents approximate filament location. (b) Temperature pro-
files obtained by multi-point thermocouple measurement. White dots in first
image represent measurement locations as related to PLIF map. (c) Fine-wire
thermocouple temperature measurement along reactor centerline indicating a
strip heating rate of 135 ◦C/s.
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3.2 Feedstock characterization
Due to the varied morphology and compositions present in biomass constituent and whole
biomass samples, several characterizations were undertaken to determine the proximate analysis,
thermal conductivity, and feedstock fluorescence under two different excitation wavelengths. De-
tailed knowledge of the feedstocks used during fundamental studies of biomass pyrolysis can help
to apply these results more broadly and can provide valuable information to models to validate
their performance.
3.2.1 Proximate analysis
Two size classifications of red oak particles, as well as cellulose, technical lignin, and technical
lignin suspended in an inert silica matrix were tested for proximate analysis using a TGA with
results detailed in Table 3.1. As can be observed, the particle size of the whole biomass had
minimal effect on the composition of these feedstocks. Analysis of the ash content for the 2:1
Lignin:COK84 feedstock compared with neat technical lignin validates the preparation method
with an error of 1-2 wt.% of silica addition to the organosolv lignin.
Table 3.1 TGA proximate analysis of biomass samples
Feedstock Moisture (wt.%) Volatiles (wt.%) Fixed Carbon (wt.%) Ash (wt.%)
Red oak (75-212 µm) 5.08 78.21 15.5 1.21
Red oak (425-600 µm) 5.32 77.88 15.93 0.87
Cellulose 3.43 84.1 10.14 2.32
Technical Lignin 3.3 59.79 36.71 0.19
2:1 Lignin:COK 84 2.66 44.69 20.72 31.93
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3.2.2 Effective conductivity measurements
The effective thermal conductivity of particulate beds of biomass powder used in this study
were measured in air at room temperature using a custom built apparatus based on the line source
heat loss method and utilizing similar procedures as Presley et al. [73, 72]. In brief, the analytical
solution for an infinite line heat source with a constant heating rate is used to determine a thermal
conductivity based on the rate of temperature change in the particulate bed in close proximity to
the line heat source. In the first survey paper, Presley cites the absence of low thermal conductivity
standards available at the time (1997), and this problem has yet to be addressed in a significant way.
For this work, several common reference materials were selected from literature to compare the line
heat source apparatus to published data, as detailed in Table 3.2. Sucrose and salt conductivities
found in literature were each measured under compaction and thus the bulk density and subsequent
thermal conductivities are higher than measured utilizing the line heat source apparatus (10-20%).
Acid-washed glass beads of similar size distribution as the work by Evans and Lee shows good
agreement with the present effort [41]. All measurements were performed at least five times and
yielded standard deviations within 6% of the mean. In all cases, the line heat source temperature
was less than 35 ◦C to ensure a non-reactive environment for the biomass samples.
Table 3.2 Measured and reference effective thermal conductivity of granular materials in air (λ =
0.0258 W m−1 K−1) (mean ± standard deviation).
Material Particle Size Bulk Density Thermal Conductivity, λ Reference λ
(µm) (kg m−3) (W m−1 K−1) (W m−1 K−1)
Table Sugar (Sucrose) 212-425 617.6 0.1622 ± 0.0085 0.208a [78]
Table Salt (NaCl) 212-425 933.7 0.3281 ± 0.0102 0.365b [1]
Glass Beads 212-300 1108.1 0.2350 ± 0.0089 0.225c [41, 51]
Red Oak 75-212 157.8 0.1042 ± 0.0061
212-425 191.2 0.1360 ± 0.0091
425-600 178.4 0.1306 ± 0.0054
600-1000 105.8 0.1289 ± 0.0040
Cellulose 50 216.9 0.1112 ± 0.0035
Lignin 75-212 291.9 0.0883 ± 0.0041
Aerosil COK 84 As Received 22.2 0.0452 ± 0.0004
2:1 Lignin : Aerosil COK 84 75-212 215.6 0.0608 ± 0.0028
a davg = 550 µm, ρ = 885 kg m−3
b davg = 300 µm, ρ = 885 kg m−3, 15 kPa pressure
c d = 212-300 µm
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3.3 Non-dimensional analysis of transport regime for current experiments
The observation of free-convection heat transfer away from the reacting biomass sample re-
vealed in the PLIF results allow for calculation of an average convective heat transfer value of 20
W m−2 K−1. Papadikis et al. estimate a heat transfer coefficient of approximately 500 W m−2 K−1
for a particle in a fluidized bed heated to 500 ◦C while Dauenhauer et al. estimate an external
heat transfer coefficient of 103–104 W m−2 K−1 for a liquid droplet on a surface heated to 700 ◦C
[65, 47]. If we assume an average heat transfer coefficient of 2000 W m−2 K−1 across the feedstock
phases and assuming a characteristic length of ∼1 mm sample height, thermal Biot numbers for
all feedstocks considered were on the order of 100–101 revealing transport in the optically accessi-
ble pyrolysis reactor is conduction limited and the PyI (internal Pyrolysis number) must be used
to determine the relevant degradation scheme for this experiment. Here, we used the values for
specific heat and chemical kinetic time scales found in literature and determine the PyI number
to be on the order of 100 [49, 35]. This indicates non-isothermal pyrolysis conditions with both
heat and mass transfer limitations. This result should not be surprising as this regime is common
among packed bed pyrolyzers. It must be noted that these values were calculated using thermal
conductivity values taken at room temperature. Thermal conductivity will likely increase at higher
temperatures as melting causes the liquid intermediate to wet the surface of the filament, providing
increased contact and better heat transfer from the filament to the particle bed. Further studies of
the response of thermal conductivity of biomass packed beds should be carried out to better inform
higher temperature response.
3.4 Typical GC/MS spectra of condensed products from considered feedstocks
Pyrolysis condensate was collected for cellulose, organosolv (technical) lignin, 2:1 lignin:Aerosil
COK84 silica, and red oak (75-212 µm) using a vacuum assisted condensation coil and ice bath as
detailed in the experimental setup portion of this dissertation. The products were analyzed using
a gas chromatogram/mass spectrometer instrument (GC/MS) and typical results can be found
in Figure 3.2. These results help to verify products produced from the novel pyrolyzer were in
46
agreement with those found in literature and provide a better understanding of the impact mixing
lignin with an inert silica matrix has on the overall products produced.
Figure 3.2a shows a typical GC/MS chromatogram of the 50/50 Methanol/DI Water solvent
used to flush the condensed products out of the condenser coil for each feedstock. Due to the 3-
minute long solvent delay, all of the methanol has passed through the column prior to signal being
recorded and the large peak shown is identified as acetic acid which is likely a contaminant of the
methanol used. A second (small) peak is seen just after the acetic acid peak which is likely column
bleed as would be expected using such a high quantity of water in the carrier fluid. The remainder
of the curve is free of signal indicating the cleanliness of the solvent is appropriate to be used to
extract compounds in the subsequent experiments.
The majority of identified peaks seen in the cellulose condensate chromatogram shown in Figure
3.2b are C5 and C6 sugar compounds, as would be expected. When compared to both experimental
and model predictions for the pyrolysis of cellulose found in literature, these results match reason-
ably well [87, 68] . It is likely that many of the smaller furans (with the exception of HMF as seen
in peak 2-1) and C1-C3 compounds are not detected due to the solvent delay or are masked by
the remaining solvent peak seen at the beginning of the chromatogram. The strong broad peak
(2-4) is identified as levoglucosan which indicates efficient conversion of cellulose with high yields
of levoglucosan present in the condensed products.
Pyrolysis products for lignin and the 2:1 mixture of lignin with Aerosil COK84 silica can be
found in Figure 3.2 c and d respectively. The compounds identified can be classified broadly as
low molecular weight and phenolic in nature and are very similar to those identified by µ-pyrolysis-
GC/MS experiments found in literature [67]. Furthermore, there is a remarkable similarity between
the condensed products for both of these feedstock preparations, suggesting that the addition of
the silica matrix has a minimal effect on the observed range of products, yet can greatly assist in
reducing agglomeration of the technical lignin. Of course, it must be noted that the distribution
of products outside of the range detectable via GC/MS may have a significant impact from the
addition of silica to technical lignin but that is beyond the scope of this test.
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Finally, Figure 3.2e shows the pyrolysis products for red oak which can be seen to contain many
of the same low molecular weight, phenolic and sugar compounds that were identified for the single
component pyrolysis tests. Clearly, this reactor was not designed to be used for ex-situ kinetic
studies and it is impossible to determine if the compounds identified were formed through primary
or secondary pathways. However, these results do confirm reasonable performance of the novel
optical pyrolyzer and may help to give initial incite to products identified using in situ optical
techniques within the near-field reaction zone.
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Figure 3.2 GC/MS spectra of extracted pyrolysis condensate for various feedstocks.
(a) Background spectra of 50/50 Methanol/DI water used to extract bio-oil.
(b) Cellulose pyrolysis products. (c) Technical lignin pyrolysis products. (d) 2:1
lignin:COK84 pyrolysis products. (e) Red oak (75-212 µm) pyrolysis products.
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CHAPTER 4. INVESTIGATION OF TRANSPORT PHENOMENA I:
OBSERVATIONS OF MASS TRANSPORT AND PRODUCT FORMATION
MECHANISMS CORRELATION TO FEEDSTOCK MORPHOLOGICAL
CHANGES
A manuscript to be submitted to Energy and Environmental Science
Jordan A. Tiarks, Chloe E. Dedic, Terrence R. Meyer, Robert C. Brown, James B. Michael
In this chapter, the novel fast pyrolysis reactor with cold carrier gas system described and
characterized in Chapters 2 and 3 is used to generate a thermal boundary layer between the hot
pyrolysis stream and the cold gas through which monomer and oligomer products and intermediates
condense, distinguishing them from other condensed phase products. Laser-based planar scattering
imaging is used to detect the formation of primary aerosols and secondary aerosol nucleation and
condensation above a heated filament. Condensed phase products and intermediates are observed
via Mie scattering, or the strong elastic scattering of light from solid particles and liquid droplets.
Observation of Mie scattering in the pyrolysis reactor allows a direct comparison of product forma-
tion and the driving transport mechanisms near the primary reaction zone by tracking condensation
in the developing thermal boundary layer.
First, a series of tests are shown in the subsequent sections for the fast pyrolysis of cellulose
and pure levoglucosan – one of the major products of cellulose pyrolysis. Next, organosolv lignin
is pyrolyzed with and without the addition of an inert silica matrix (Aerosil COK84) in order to
investigate and overcome the mass transfer limitations unique to technical lignin pyrolysis. These
results establish a basis of comparison for the detailed observations of whole biomass (red oak)
pyrolysis. For each point in time, a gas-phase temperature map and the simultaneous sample and
product-scattering regions are detailed.
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4.1 Fast pyrolysis of cellulose and levoglucosan
Simultaneous images of the reactor heating filament with Sigmacell cellulose and the laser
scattering region above the filament are shown in Figure 4.1. The top row of images show color
micrographs of the biomass feedstock on the heating filament, while the false color images below
these correspond to the laser scattering above the heating filament. To the right are temperature
maps which have been constructed from multi-point, gas-only (no sample), thermocouple temper-
ature measurements corresponding to the time instants shown. Browning of the of the bulk pile is
observed throughout the reaction in the color micrographs. The first indication of product conden-
sation is evident at 3.46 s in the region above the strip, when the strip temperature has reached 315
◦C. Prior to this time, there is minimal evidence of expansion/shrinkage of the feedstock or release
of volatile products. At 3.51 s (strip temperature of 324 ◦C), the first visual indication of melting
is present for small cellulose particles away from the pile, which corresponds to a rapid increase
in the laser scattering signal from products condensing downstream. Of particular interest are the
presence of two distinct condensation bands which form along the thermal gradient between the
buoyantly-driven hot products and cold sweep gas. As the cold nitrogen carrier gas is introduced
below the filament (see Figure 2.1), the condensation bands correspond to distinct temperature
regions within the boundary layer where the carrier gas and convection and diffusion driven vapor
products meet. A distinct “dark zone” inside of the condensation bands suggests that products are
forming through evaporation of products from the pyrolysis zone and subsequent condensation or
polymerization reactions forming aerosols observed downstream.
As the filament temperature continues to rise (3.70–3.97 s, strip temperature ranging from
365–429 ◦C), liquid appears at the interface between the solid biomass and strip heater, where the
biomass experiences the highest temperature. Surface tension results in coalescence of this liquid
into small droplets that lift the remaining solid feedstock away from the filament. Reduced heat
transfer through the liquid intermediate and solid pile result in large thermal gradients across the
sample, thereby slowing the rate of liquid formation and resulting in both liquid and solid phases
persisting throughout much of the remaining reaction. As previously described by Montoya et al.,
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Figure 4.1 Formation of distinct condensation bands in the thermal boundary layer corre-
spond to the condensation of levoglucosan and light oxygenates during cellulose
pyrolysis. Color micrographs reveal morphological changes while false-color im-
ages of Mie scattering from product condensation downstream from the filament
reveals a majority of products form via condensation in the thermal boundary
layer. First visible product condensation occurs at 3.46 s (strip temperature 315
◦C). Melting and evaporation of cellulose/active intermediate begins at 3.5 s
and extends to 4.15 s (not shown) with corresponding strip temperatures of 324
◦C and 450 ◦C. Temperature maps are shown from multi-point thermocouple
measurements taken for strip heat-up with no sample.
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the simultaneous presence of liquid and solid phases suggests poor heat transfer to the solid caused
by Leidenfrost effects where vapor formation lifts the solid and reduces the total contact area [59].
The color micrographs of the cellulose pile do not explicitly show the formation of a vapor layer at
the biomass/filament interface. Instead, the solid cellulose is unable to coalesce with liquid droplets
beneath, which suggests additional limits on the heat transfer to the solid material as a result of
poor solid/liquid wetting of the feedstock and liquid intermediate.
The final liquid intermediate is seen at 4.07 s (not shown, strip temperature of 430 ◦C) with the
appearance of minimal char on the strip at 4.15 s when the reaction finishes. The integrated signal
intensities in Figure 4.2(a) reveal apparent liquid intermediate bubbling from 3.60–4.10 s which
drives unsteadiness in the product region and global fluctuations in the integrated laser scattering
signal level. While this unsteady behavior does indicate boiling of the liquid, there is little evidence
of condensed phase particles or aerosols transporting away from the strip through the laser sheet.
The absence of larger condensed products is consistent with the off-line TEM measurements of
aerosols collected in a liquid solvent quench reported by Teixeira et al., but these measurements
provide direct in-situ evidence that thermal ejection of large aerosols and droplets (greater than
the Mie scattering limit) are not responsible for significant mass transport from pyrolyzing cellulose
[84].
Developing an understanding of these results relies on knowledge about the local temperature
gradients inside of the pyrolysis reactor along with typical product yields and reaction mechanisms
of cellulose pyrolysis found in literature to provide a framework from which to interpret the phase
change and scattering results. The thermal boundary layer between the cool nitrogen sweep gas
and warm buoyantly-driven product flow provides a thermal gradient which cools the pyrolysis
products below their condensation temperatures. The spacial location of product condensation can
be correlated to the local temperature and provides critical insight to the nature of the products
condensing. Of course, the visual observation of these layers requires significant particle or aerosol
size and number density, which can take some time to form through either collisional growth of
nano-scale condensates or growth of condensates from initial nucleation sites.
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Figure 4.2 Integrated Mie scattering signal reveals a shift in product formation and influ-
ence of feedstock structure and chemical complexity. (a) Integrated scattering
signal for entire downstream region (yellow) and inner condensation band re-
gion only (red) illustrates a shift in product formation towards larger molecules
(likely levoglucosan). (b) Percent of total (single frame) scattering signal at-
tributed to inner scattering band (blue), and cumulative signal yield of inner
band intensity to total scattering signal for the entire reaction. (c) Compari-
son of integrated scattering signal vs time for levoglucosan, cellulose and red
oak (75-212 µm) illustrates the influence of feedstock structure and chemical
complexity on kinetic timescales.
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Patwardhan et al. [68] utilized a micropyrolysis reactor to characterize the fast pyrolysis prod-
ucts of glucose-based carbohydrates and identified over 20 low-molecular-weight products. Of
these products, levoglucosan, formic acid, glycolaldehyde, 5-hydroxymethyl furfural (HMF), and
2-furaldehyde (furfural) account for 82 wt% of the total identifiable yield during micropyrolysis ex-
periments. By comparing the time-resolved scattering images with related gas-phase temperature
maps for the unloaded strip, the local temperature of the outer condensation band is estimated as
125 ◦C while the inner condensation band is near 190 ◦C. Condensation temperature of an individ-
ual component depends on the local partial pressure of products which can be difficult to identify
in such a complex system, however, the product boiling point can serve as a proxy for condensation
temperature and allows for the identification of products condensing in each band. Examining
the thermal and temporal evolution of products with knowledge of both the strip and gas phase
temperatures, the inner condensation band is consistent with levoglucosan or a similar light sugar
compound due to its measurable vapor pressure, evaporation temperature of 320 ◦C and boiling
point near 385 ◦C [4, 62, 42, 83]. The remaining major products (formic acid, glycoaldehyde, HMF,
and furfural) have boiling points ranging from 100–165 ◦C and likely make up the products found
in the outer condensation band at the edge of the thermal boundary layer between the cold N2
carrier gas and the convectively driven products from the filament strip.
To examine the structure of the downstream condensation bands with a simpler thermo-chemical
system, levoglucosan was pyrolyzed under identical conditions. Briefly, the levoglucosan begins to
melt on the strip surface at 1.80 s, and a thin condensation layer is seen in the outer boundary
layer downstream. A rapid boiling event occurs at 3.14 s and subsequently a significant scattering
signal from condensed products is observed at the inner edge of the thermal boundary layer. Se-
lected frames of these distinct phenomenological observations for levoglucosan are shown in Figure
4.3(a). To compare the structure between the condensate bands for these feedstocks, a represen-
tative image of cellulose pyrolysis is reproduced in Figure 4.3(b) and different color maps are used
to overlay images of levoglucosan with the single cellulose image in Figure 4.3(c). The spatial lo-
cation of products formed during levoglucosan pyrolysis prior to the boiling event correspond with
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Figure 4.3 Comparison of condensation location for cellulose and levoglucosan before and
after boiling indicates the repeatability of the system and potential for identi-
fication of products based on condensation. (a) Levoglucosan heating initiates
with a melting and depolymerization step (3.14s) which releases light conden-
sates as evidenced by the outer condensation band. This is followed by violent
boiling and evaporation of the levoglucosan (3.48s). (b) A single frame from the
pyrolysis of cellulose illustrating the location of the dual condensate regions.
(c) Overlays of background-subtracted cellulose and levoglucosan images before
and after boiling of levoglucosan show good agreement of product condensation
band locations.
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the outer condensation band of cellulose while the condensation region formed after levoglucosan
boiling corresponds with the cellulose inner condensation band. As described for cellulose, this
dual-condensate band structure indicates the formation of volatiles (light oxygenates) during the
initial depolymerization/melt phase of levoglucosan, while the majority of the levoglucosan passes
downstream via evaporation and re-condensation of products after rapid boiling. Although this
analysis neglects gas expansion effects on the location of the products between these two cases and
the overall timescales are different, the similarity between product regions in both levoglucosan
and cellulose pyrolysis indicate the repeatability of the system and the potential for observation of
distributions of products based on condensation.
The formation of a dual condensate band downstream provides direct visual evidence of the
thermal and temporal regimes in which cellulose breaks down into different components through
competing processes. These bands are present throughout the experiment but thickness and in-
tensity of the bands shift from the cooler outer band to the hotter inner band as the reaction
progresses, suggesting that the relative product yields also shift. The relative contributions of the
inner band to the total scattering signal are indicated in Figure 4.2(a). In Figure 4.2(b), the inner
band intensity is represented as the percentage of scattering signal for each image frame as well as
the percent of cumulative signal yield for the entire reaction from the inner condensation band. The
instantaneous Mie scattering signal from the inner condensation band shifts from approximately
60% to 95% throughout the reaction, and almost 75% of the cumulative scattering signal intensity
is from the inner condensation band. Attributing the outer bands to light volatiles, this indicates
a relative shift away from light condensates towards heavy condensates (likely levoglucosan) as the
reaction progress. Although scattering intensity is an indirect measure of yields due to multiple
factors in the signal strength (particle density, size, and index of refraction), these results do pro-
vide qualitative evidence of the shift in rate of production as the reaction progresses and the strip
temperature rises.
Vinu and Broadbelt have developed a detailed mechanistic model to describe the competing
reactions in fast pyrolysis of cellulose and other glucose-based carbohydrates utilizing both experi-
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mental and computational approaches [87, 96, 95]. This model suggests the necessity of a sequential
reaction mechanism to describe cellulose pyrolysis consisting of an initiation reaction of random
glycosidic bond cleavages at any position in the cellulose chain followed by end-chain initiation and
de-propagation (unzipping) reactions to break down cellulose and form levoglucosan. The authors
show the maximum reaction rate for purely kinetic-controlled decomposition to levoglucosan occurs
close to mid-conversion. Utilizing these detailed mechanistic models, the formation of levoglucosan
is completed within 1.75 s during pyrolysis of cellulose in a pure-kinetic regime at 500 ◦C, with
the entire reaction concluding in 4–5 s. The results presented in this study are not in a pure
kinetically-controlled regime, but have both heat and mass transfer limitations which influence
product formation. Reduced heat flux into the solid cellulose due to presence of multiple phases
throughout the reaction results in the persistence of both initiation and unzipping reactions leading
to the production of levoglucosan and other products for most of the reaction. As a result, we see
continuous production of both heavy and light compounds throughout the reaction and observe
a total reaction duration of approximately 4.3 s, comparing favorably with the global timescale
expected for a pure kinetic process.
Some idea of the relative role of kinetics and thermal transport can be examined by showing
the integrated signal as a function of time, as detailed in Fig. 4.2(c). As expected, the level of
molecular complexity or the degree of polymerization plays a role in determining the timescales for
product formation and observation via laser Mie scattering. Levoglucosan reaches the boiling point
at 3.20 s, yet the peak scattering signal is delayed until 3.50 s. This delay can be interpreted as
the transport time from the strip to regions in the boundary layer driving significant condensation
of products. The initial rise in levoglucosan scattering signal prior to reaching the boiling point
is attributed to decomposition during the melt phase. For cellulose, a temporal delay in product
formation compared to levoglucosan is followed by a long period of relatively steady scattering
signal with several peaks in signal indicating potential effects of liquid intermediate boiling. This
delay and extended reaction duration is likely due to the kinetic timescales associated with the
unzipping and depolymerization processes. Comparing these results to red oak signal intensity,
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which is included in the figure for reference and detailed in Section 4.3, it is clear the structural
and chemical complexity of whole biomass causes a further delay in product formation and may
limit the boiling/ejection mechanisms of products as evidenced by the mono-modal scattering signal
intensity.
4.2 Fast pyrolysis of organosolv lignin from corn stover
Technical lignin extracted from corn stover via the organosolv process was pyrolyzed under the
same conditions described previously and selected results are shown in Fig. 4.4. The first evidence
of phase transition is visible at 2.15 s (not shown, strip temperature of 130 ◦C) near the edges of the
biomass pile with the entirety of the pile transitioning to liquid by 2.70 s (strip temperature of 194
◦C). Lignin has been shown to melt between 150–154 ◦C and experience glass transition resulting
in increased fluidity between 150–200 ◦C [39, 93]. Based on the heating rate of the lignin in these
experiments, our results correspond favorably with these previous studies. From 2.70–3.30 s (strip
temperature 194–289 ◦C), individual particles of lignin melt into droplets that coalesce into a single
large droplet at the same time that condensed products are observed in the thermal boundary layer
above the sample. Between 3.30–4.27 s (surface temperature 289–475 ◦C) the viscous liquid is
observed to swell, providing evidence of volatiles releasing within the melt to form bubbles that
eventually erupt and collapse at the surface of the melt. Similar observations have been made on
the melting, swelling, and bubbling of pyrolyzed lignin [77, 58, 59]. Our work is the first to couple
this condensed phase phenomena to transport of mass away from the molten feedstock. As evident
in the scattering images taken at 3.31–4.26 s large droplets are rapidly ejected from the molten
lignin corresponding to the collapse of bubbles at the surface. Fig. 4.5 shows the integrated signal
intensity for pyrolysis of technical lignin. Sharp peaks in the plot correspond to ejection events
where strong scattering signal is observed for aerosols/droplets and particles being ejected from a
collapsing bubble. These peaks are able to give a qualitative estimation of the frequency of these
large ejection events from the agglomerated lignin.
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Figure 4.4 Pyrolysis of technical lignin reveals bulk agglomeration of liquid intermediate
which results in reduced mass transfer and release of volatiles through bubble
formation and collapse. Color micrographs illustrate morphological changes
while false-color images of Mie scattering capture the transport of products
away from the reactor strip. Formation of the first visible condensed products
appear at 3.31 s (strip temperature of 289 ◦C). Molten lignin coalesces to a
central mass and exhibits bubble growth and collapse due to trapped volatiles
being formed within the agglomerated liquid from 3.31-4.26 s. The reaction
concludes with a smoldering char pile at 5.48 s and a strip temperature of
511 ◦C. Temperature maps are shown from multi-point thermocouple mea-
surements taken for strip heat-up with no sample. Signal intensity has been
doubled for regions inside of filament indicated by the ovals.
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Figure 4.5 The tendency of technical lignin to agglomerate and release products via bubble
formation and collapse can be mitigated through the use of an inert matrix as
is revealed by the integrated Mie scattering intensities vs time for OS lignin,
OS lignin in an inert Aerosil COK 84 matrix and red oak (75–212 µm).
After 3.86 s, the frequency of bubble growth and collapse decreases and the surface of the
melt appears to solidify. Since the melt does not appreciably cool, this solidification is thought
to be the result of oligomerization and dehydration of the melt to form char. During this time,
aerosols are originate near the surface of the char and become entrained in the boundary layer above
the filament. Several condensation bands in the thermal boundary layer are evident downstream,
suggesting the formation of multiple products of varying molecular weight. Contrary to the two
discrete condensation bands present for cellulose, the multiple bands observed during the pyrolysis
of technical lignin are more confined within the thermal boundary layer suggesting production of
products with more similar condensation temperatures. Zhou et al. examined the influence of
extraction techniques and lignin origin on the yields of pyrolysis products [94]. DTG curves for
corn stover lignin extracted via the organosolv process revealed two peaks in mass loss between
150–400 ◦C, with a prominent shoulder in the second peak. The first peak was attributed to ferulate
and coumaric groups while the shoulder of the second peak is attributed to the deconvolution of
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small phenolic compounds (at ∼275 ◦C) from β-ether cleavage. The strong second peak is related
to the release of large MW phenols near 360 ◦C. Correlating these transition points to the current
study, the single-band initial products observed in the boundary layer at 3.31 s may correspond
to the production of small phenolic compounds while the dual condensation band evident in later
images is likely formed by the additional production of larger MW molecular weight compounds at
higher strip temperatures.
Agglomeration of technical lignin is a well-known phenomenon and has been identified as a major
hurdle towards processing lignin in continuous pyrolysis reactors [61]. Additionally, as revealed
in Fig. 4.4 and 4.5, the agglomeration and boiling ejection phenomena seen in technical lignin
pyrolysis is unique to this component of lignocellulosic biomass and has not been observed for
whole biomass. The role of lignin decomposition within whole biomass is difficult to interpret from
the study of extracted lignin due to this non-representative agglomeration and boiling phenomena.
Several techniques have been utilized to attempt to limit agglomeration of technical lignin and
may provide better insight. Mukkamala mixed calcium formate with lignin prior to pyrolysis and
found reduced agglomeration and improved liquid and carbon yields [60]. Zhou et al. utilized
a calcium hydroxide pretreatment on technical lignin and were able to overcome the problem of
agglomeration in a continuous fluidized bed pyrolyzer [91]. Their analysis suggested that phenolic
hydroxyl, aldehydes, and carboxylic acid groups are responsible for the melting and agglomeration
of lignin and pretreatment is capable of reducing or eliminating these functionalities. De Wild et
al. utilized a 10% mixture of natural clay mineral combined with technical lignin to create 2 mm
extruded pellets which greatly reduced the agglomeration tendency of pure lignin when pyrolyzed
in a bubbling fluidized bed pyrolyzer [34].
We hypothesize that the tendency of technical (extracted) lignin to agglomerate into a large
hemispherical droplet exacerbates the formation of bubbles within the melt and ejection of large
droplets, especially when the lignin is heated from below, forcing all volatile products to flow
through the melt. To test this hypothesis, organosolv lignin was mixed in a 2:1 ratio of lignin to an
inert silica matrix, Aerosil COK 84 with the goal of breaking the surface tension of the melt and
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Figure 4.6 Addition of an inert silica matrix (Aerosil COK84) during the pyrolysis of
technical lignin reveals no sign of bulk agglomeration in the color micrographs
throughout the reaction and the false-color Mie scattering images reveal con-
densation bands which match closely to that of whole biomass (red oak). Tem-
peratures shown are from multi-point thermocouple measurements taken for
strip heat-up with no sample. Signal intensity has been doubled for regions
inside of filament indicated by the ovals.
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forming a thin melt layer rather than a thick hemispherical droplet. Results from the pyrolysis of
this material can be seen in Fig. 4.6. The first evidence of melt occurs around 2.29 s (not shown)
and corresponds to a strip temperature of 147 ◦C. The sample swells modestly at 2.29–3.30 s (strip
temperature 287 ◦C) with little agglomeration compared to pyrolysis in the absence of silica (Fig.
4.4). Also at this time the first condensed products are visible downstream from the filament. The
scattering signal increases until around 4.1 s and then quickly disappears. Multiple condensation
bands are evident from 3.86–4.30 s (strip temperature 399-475 ◦C) with distinct products forming
inside of the filament cup and emanating from the surface of the sample from 4.00–4.40 s. As can
be seen in Fig. 4.5, the mono-modal integrated scattering signal from organosolv lignin inside of
a silica matrix more closely resembles that for whole biomass (red oak) than organosolv lignin in
the absence of silica. We think that the plant cell structure and the separation of lignin fragments
by cellulose and hemicellulose in whole biomass work to inhibit the agglomeration and boiling
ejection features seen in technical lignin-only pyrolysis. Product formation timescales for lignin-
silica pyrolysis begin prior to whole biomass pyrolysis (attributed to a lower degree of molecular
complexity) and extend later (due to the decreased thermal conductivity in the silica mixture).
4.3 Fast pyrolysis of red oak
Simultaneous images of the reactor heating filament with red oak feedstock (75–212 µm) and the
laser scattering region above the filament are shown in Fig. 4.7. Initial browning and swelling of the
bulk pile is evident from the micrographs taken at 0.00 s and 3.50 s. The first condensable products
appear downstream from the filament at 3.50 s (strip temperature 329 ◦C) and correspond closely
to the first visible sign of melting of the feedstock. From 3.70-4.20 s (strip temperature 370-458
◦C) the sample depolymerizes rapidly as the solid transitions to liquid and quickly evaporates or
undergoes charring reactions. The reaction concludes around 4.30 s (not shown, strip temperature
of 471 ◦C), as indicated by minimal scattering signal from condensed products downstream and no
visible change in the residual char on the strip surface.
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Figure 4.7 Aerosol/droplet formation occurs almost exclusively in the thermal boundary
layer of the pyrolysis stream during Red Oak (75–212 µm) pyrolysis. Browning
of the feedstock is observed from the color micrograph images prior to 3.50
s when the first visible product condensation occurs as revealed by the Mie
scattering images (strip temperature 329 ◦C). Multiple downstream condensa-
tion regions are evident from 3.70 s to 4.20 s (strip temperature 370–458 ◦C
C). Signal intensity has been doubled for regions inside of filament indicated
by the ovals. Yellow arrows indicate location of secondary condensation band.
Temperature maps above the heated filament are shown from multi-point ther-
mocouple measurements taken for strip heating with no sample.
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Although direct association of the condensation bands with specific products is complicated by
the abundance of potential products from the pyrolysis of whole biomass, the multiple condensation
features can be interpreted through the framework established by pyrolysis of cellulose and lignin
and typical product yields found throughout literature. Dalluge et al. pyrolyzed red oak in a screw-
type auger pyrolysis reactor and identified approximately 69% by mass (w/w) of the product yields
of the original dry feedstock and discovered a range of products with contributions from both the
carbohydrate and lignin fractions of the whole biomass [30]. Of these products, 12.6% were identified
as lignin-originating products, 6.08% were sugars, 3.93% carbohydrate dehydration products, and
7.76% were light oxygenates with a wide range of evaporation and critical temperatures. In the
present work, as the red oak first begins to depolymerize and melt from 3.50-3.70 s, the scattering
signal indicates the production of a single condensation band with an obvious ‘dark zone’ above
the filament where no products are visible. From 3.80–4.10 s, a faint secondary condensation band
appears outside of the previously identified condensation band at approximately 2.5 diameters
downstream (indicated by yellow arrows in Fig. 4.7). This secondary band forms in a similar
location to the light oxygenates produced during cellulose pyrolysis. Furthermore, as can be seen
in the magnified regions in Fig. 4.8, from 4.10–4.20 s multiple condensation bands similar to
those observed during the pyrolysis of lignin in a silica matrix can be identified indicating the
presence of products of varying molecular weight and condensation temperatures. These results
clearly illustrate the importance of considering the influence of the multi-component structure and
complexity of whole biomass on product formation and transport mechanisms.
In addition to the evaporation and condensation transport modes described and correlated to
single component studies, from 3.70–4.10 s aerosols originating directly from the surface of the solid
feedstock are observed. These ejected products are apparent in Fig. 4.9 which shows magnified and
re-scaled frames of Fig. 4.7. The ability to visualize these products inside of the high temperature
filament cup region indicates a mechanism which can rapidly form particles or aerosols within the
Mie scattering regime as a primary or secondary product. However, these ejecta represent a small
fraction of the total mass of aerosols formed in these experiments.
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Figure 4.8 Distinct Mie scattering bands reveal the condensation of different classes of
compounds within the reactor thermal boundary layer during the pyrolysis of
red oak (75-212 µm). The magnified inset boxes show detailed views of the
multiple observed condensation band features.
Figure 4.9 Direct ejection of large aerosols/droplets plays a minor role in the transport
of products away from pyrolyzing red oak. Magnified and rescaled scattering
images just above the filament location capture the formation of scattering
aerosols or condensates just above the pyrolyzing sample bed. Limited sig-
nal intensity and duration of this process reveal this mechanism is not able
to account for the majority of products produced. Arrow at 3.84s indicates
products emerging directly from pile while at 4.03s shows these same products
swept downstream.
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Comparing the observations of product formation and mass transport to literature can help
to identify the relative importance of the proposed mechanisms in whole biomass pyrolysis. Bai
et al. utilized a micropyrolyzer with fast solvent quench to analyze the products formed during
lignin pyrolysis and for several monomer and dimer model compounds [5]. They conclude that
reoligomerization of small compounds dominates thermal cracking reactions for temperatures up to
500 ◦C and suggest primary production of monomers and dimers could quickly undergo secondary
reactions to form larger compounds. Alternatively, a reactive boiling ejection mechanism similar
to that proposed by Dauenhauer et al. in cellulose suggests boiling of the molten intermediate is
capable of generating aerosols directly via a bubble breakup mechanism and can generate particles
both with the optical detection limits of this experiment as well as aerosols below optical detection
limit [47, 77, 84]. Both of these mechanisms can be seen during the pyrolysis of red oak in these
experiments. The presence of a dark-zone with downstream condensation suggests a majority of
the products produced in these experiments are through evaporation and chemical condensation to
form larger compounds downstream while minimal products directly emerging from the biomass
surface suggest that the ejective boiling mechanism plays a minor role in product transport.
A critical consideration in the transport mechanisms involved in limiting the thermo-chemical
conversion of biomass is the role of particle size and structure in determining product yields. To
examine differences in production rates and transport, four different particle size ranges (75–212
µm, 212–425 µm, 425–600 µm and 600–1000 µm) of equal weight of red oak were pyrolyzed under
identical reactor conditions. Condensed product scattering signals for each frame are integrated
and shown as a function of reaction time in Fig. 4.10(b). As particle size increases, the duration
of visible products also increases–indicating heat and mass transfer limitations, longer retention of
products at elevated temperatures, and slower conversion times. The three smallest particle sizes
all initiate around 3.50 s and have similar peak signal intensities while the 600–1000 µm sample
does not begin to release condensable products until approximately 3.75 s and has roughly half of
the scattering signal intensity. Furthermore, the micrographs in Fig. 4.10(a) illustrate the starting
feedstock (left) and the char remaining (right) after the reaction. For particle sizes <600 µm, most
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particles proceed through a molten phase prior to the final charring reactions while the largest
particle size maintained its relative structure throughout the reaction.
Haas et al. utilized real-time, microscopic visualization of poplar wood undergoing pyrolysis
to show the structural complexity of whole biomass impedes heat and mass transfer by trapping
products inside of large biomass particles and results in increased formation of char and low boil-
ing point vapors and gases [45]. Several experimental studies have shown that particles below a
threshold thickness (<2–3 mm) yield a significant decrease in bio-oil production–particularly py-
rolytic lignin–as feedstock size increases [79, 82, 92, 89]. Above this size threshold, however, there
is minimal influence on product yields from increasing particle size [92, 89]. Westerhof et al. pos-
tulate that this effect is due to the microstructure of the larger wood particles limiting the release
of aerosols and vapors from the reacting sample and leading to secondary reactions inside of the
particle, while small particles have open structure that allows for products to transport away from
the particles [89].
These results illustrate the significance of feedstock preparation and size control on the pyrolysis
regime, and the impact on final product yields. The effective thermal conductivity of these size
ranges is detailed in Table 3.2. The lowest thermal conductivity particles are 75–212 µm, corre-
sponding to the greatest disruption in cellular structure and resulting in a decrease in bulk density
and corresponding drop in intra-particle thermal conduction. For particles ranging from 212–1000
µm, the bulk structure remains intact and effective thermal conductivity and bulk density decrease
as particle size increases. While it would be easy to make predictions about the pyrolysis regime
dominating each of these size ranges utilizing these values and assuming constant kinetic parame-
ters, the observed product formation timescales indicate at least two distinct kinetic timescales are
required to fully explain this phenomena.
4.4 Summary
Direct, time-resolved observations of feedstock degradation and product formation mechanisms
for whole biomass and its components have been made in a micro-scale optically accessible pyrolysis
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Figure 4.10 Particle size and structure influence the initiation and duration of product
formation by changing heat and mass transfer properties during pyrolysis of
red oak. (a) Micrograph images taken prior to (left) and after (right) pyrolysis
for each sample size: Row 1: 75 - 212 µm, Row 2: 212-425 µm, Row 3: 425-600
µm, Row 4: 600 - 1000 µm. (b) Integrated Mie scattering signal intensity for
all products above the filament for each frame in an image sequence.
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reactor. Temperature mapping of the reactor allows for analysis of observed condensed phase
products across the thermal boundary layer between the pyrolysis product stream and a cold carrier
gas. Simultaneous dual-imaging of condensation products downstream of the heated biomass pile
and color micro-scale imaging of the pile itself allows for correlation of morphological changes to
the feedstock and the rates of product formation. The thermal boundary layer established in the
reactor allows for discrimination between products of low- and high-molecular weight through the
stratified condensation bands formed along the temperature gradient. Tracking these features in
time can be related to the global rate of formation for low- and high-molecular weight condensable
products which transport downstream from the biomass samples.
Through time-resolved observation of fast pyrolysis of cellulose, lignin, and red oak, comparisons
amongst the mechanisms and timescales of thermal degradation and product formation have been
made. Single component studies may aid in building a comprehensive understanding of whole
biomass pyrolysis but the application of these results must be framed within the context of the
complex physico-chemical characteristics unique to each feedstock and the specific reaction and
transport limitations for a given system. Observations such as those presented here indicate that
predictive modeling efforts should incorporate dynamics of the bulk system (thermal and mass
transport in granular or porous media) in addition to pure kinetic results. For the pyrolysis regime
utilized in this study where kinetic and transport effects both contribute, the particle size, degree of
polymerization, molecular complexity of the components and feedstock composition and structure
variations were shown to influence the phenomena governing the conversion process.
Pyrolysis of several biomass components were first observed in order to build an understanding
of whole biomass pyrolysis in the reactor configuration. Pyrolysis of cellulose leads to the forma-
tion of two distinct regions of product condensation. These two bands can be attributed to light
condensates (lower temperature regions) and levoglucosan or similar heavier condensates (higher
temperature regions). Evidence of micron-scale products ejected directly from the cellulose pile
was minimal. The pyrolysis of cellulose is compared directly with that of levoglucosan to establish
the timescales of heating, phase change and transport. For cellulose, the global reaction timescales
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compare favorably with a pure-kinetic regime, but the differences motivate the need to accurately
treat bulk transport phenomena. Technical lignin, a second component of biomass, was examined
but exhibited dramatically different global behaviors as compared to whole biomass and cellulose.
Unmodified technical lignin showed significant bulk agglomeration and volatile ejection, but dis-
persing the technical lignin in an inert matrix led to behavior representative of whole biomass
including the observation of a wide range of distinct condensation products.
In the case of whole red oak pyrolysis, a range of products with varying condensation tempera-
tures are observed across the thermal boundary layer, and several important global features can be
identified. Shifts in the location where condensed products form and observations of aerosol/particle
formation mechanisms correlate with morphological observations to track the pyrolysis progress in
time. The dominant mode of mass transport appears to be through production of aerosols or va-
pors smaller than those detectable via the Mie scattering regime ( 630 nm) which condense or
repolymerize in the thermal boundary layer. As noted, condensed phase products are only observed
for a limited time interval in the high temperature region closest to the feedstock. Production may
result from direct ejection of micro-scale aerosols or rapid reoligomerization reactions, but seem to
play a minor role in the observed routes of product formation and transport.
In summary, the optically-accessible reactor design with detailed thermal characterization pro-
vides a testbed for examining the roles of thermal and mass transport through the observation of
both feedstock morphology changes and the time-resolved tracking of condensing product streams.
The accessibility of the near-particle boundary layer region offers opportunities for in situ sampling
and composition mapping. The qualitative behavior exhibited in whole biomass pyrolysis is not
fully replicated with either cellulose or technical lignin pyrolysis, although a number of observations
are similar. The timescales of pyrolysis observed in these studies compare favorably with many
of those presented in the literature, and mechanisms of high-molecular weight product transport
are observed in the thermal boundary layer of both whole biomass and its components. Future
applications of this technique across various feedstocks and configurations will allow for a greater
understanding of the complex physico-chemical processes which drive product formation during
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fast pyrolysis. Ultimately, direct observations in environments with coupled transport and kinetic
limitations will provide validation experiments to inform and extend modeling efforts to improve
design of pyrolysis reactors for greater yield of high-value chemicals and fuels.
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CHAPTER 5. INVESTIGATION OF TRANSPORT PHENOMENA II:
OBSERVATIONS OF PRIMARY AEROSOLS VIA IN-SITU
FLUORESCENCE AND OFF-LINE AEROSOL IMAGING
In this chapter, we further investigate the timescales and methods of product transport in
the novel fast pyrolysis reactor by utilizing planar laser induced fluorescence (PLIF) to explore
the mechanisms of formation and transport of fluorescent-active aerosols. PLIF is a spectroscopic
technique in which an atom or molecule is excited to a higher energy level by the absorption of a
specific wavelength of light, which is followed by a spontaneous emission of light at a wavelength
longer than the excitation wavelength. This technique allows for aerosols below the Mie scattering
detection threshold to be interrogated and can provide greater details about when and where various
products elute during pyrolysis. Furthermore, using different excitation wavelengths provides the
potential for exciting different classes of compounds in order to better understand the timescales
and spatial locations different products escape from the reacting biomass and how they contribute
to the overall condensed-phase products across the thermal boundary layer above the filament strip.
First, a series of tests are shown for the fast pyrolysis of cellulose, levoglucosan, lignin, lignin:Aerosil
COK84, and red oak using three separate excitation wavelengths to probe different classes of com-
pounds in the near-field to the reacting biomass sample. Captured images of condensed-phase
products are overlaid with the corresponding images of fluorescent active compounds and provide a
means of tracking both condensible and non-condensible products. Next, a preliminary investiga-
tion of compounds which may be contributing to the fluorescence signal is presented. Aerosols were
collected onto a TEM grid at specific locations above the heated filament inside of the pyrolysis
reactor. Fluorescence and transmission electron microscopy were utilized to probe the collected
condensed-phase products. These results extend the observations of transport noted in Chapter
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4 and provide a method by which to track product formation through primary and secondary
reactions in the gas phase during biomass fast pyrolysis.
5.1 Product fluorescence in cellulose and levoglucosan pyrolysis
Simultaneous laser scattering and fluorescence imaging above the filament for three different
excitation wavelengths are shown in Figure 5.1 for the pyrolysis of cellulose. The overlapping laser
sheets pass through the pyrolysis reactor and are capable of probing the same volume of products
which are imaged separately using two cameras and associated filters to isolate each signal. These
signals are then correlated in space and time and a series of overlapped images detail the mecha-
nisms of product formation and transport away from the reacting biomass. As can be seen across
all excitation wavelengths, the timescales in which the onset of product condensation (via Mie scat-
tering) and product fluorescence occur simultaneously around 3.6 s followed by significant increases
in both signals. Figure 5.1 shows the integrated signal intensity for both the Mie scattering and
fluorescence intensities vs time for each excitation wavelength, and for two different interrogation
regions, denoted A and B in Figure 5.1. First, these plots indicate the repeatability of the reactor
and show matching timescales of the onset of condensible products. Further, spacial and tempo-
ral regions of fluorescence-active compounds appear to be wavelength independent, suggesting the
fluorescent compound(s) have strong absorption cross sections across all of the wavelengths in ques-
tion. Finally, it can be observed that there is a greater fluorescence yield using 266 nm excitation
when the relevant collection parameters are considered. The setup for 266 nm collection used a
UV-objective which had a smaller aperture and the intensified camera used a lower gain setting
and yet the fluorescence intensity was greater for 266 nm excitation.
Fluorescence signal originates at the cup surface and extends throughout the central region
above the filament heater. The fluorescent signal is contained within the inner condensation band
which is rather surprising given the expected pyrolysis products for cellulose include low boiling
point, fluorescent compounds such as acetone, hydroxyacetone and several aldehydes which would
be expected to extend beyond the inner condensation band [68, 95, 8, 22, 85]. These image series
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Figure 5.1 Observations of fluorescent-active compounds during cellulose pyrolysis. Fluo-
rescence signal appears almost simultaneously with Mie scattering signal from
condensed products and persists slightly longer. Fluorescence signal is confined
by the inner condensation band. No appreciable difference can be distinguished
in space or time between the excitation wavelengths.
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indicate the fluorescent compounds are either identified as high molecular weight/high boiling point
condensible sugars such as levoglucosan or the inner region contains other compounds with high
fluorescence yield that condense under similar spatio-temporal conditions.
Levoglucosan was pyrolyzed in order to investigate its potential to contribute to the fluorescence
signal observed for cellulose pyrolysis as shown in Figures 5.3 and 5.4. As can be seen from the
overlaid images, negligible fluorescence signal can be observed inside of the condensation band and
only minimal fluorescence is seen in the condensed-phase regions of the flow. This is not surprising as
pure forms of a variety of sugar compounds including fructose, glucose, and sucrose do not possess a
good chromophore or fluorophore by which to fluoresce [31]. In fact, numerous studies have utilized
fluorescence spectroscopy to examine the contaminants contained in sugar as a method of measuring
quality [18, 7]. The levoglucosan used for this test had a 98% purity, indicating the fluorescence
signal observed in the condensed phase may be a result of minor contamination of the feedstock.
The time series plots of Mie scattering signal and fluorescence signal for each excitation wavelength
show good correspondence between the timescales of condensation and fluorescent compounds being
detectable. Further, the intensity of the fluorescence signal is much lower than found during the
pyrolysis of cellulose. Static cell tests with a cuvette and 266 nm excitation also revealed little
fluorescent yield, although the vapor pressure of levoglucosan was not controlled.
Given the unlikelihood that levoglucosan was responsible for the fluorescence signal observed in
the inner product region of cellulose pyrolysis, additional condensible products must be responsible.
In an effort to gain further insight into products in this inner region, aerosols were collected onto
TEM grids for off-line analysis of both aerosol size and condensed-phase fluorescence using electron
and fluorescence microscopy techniques. Figure 5.5 shows a summary of the TEM micrograms
for aerosol sampling of cellulose pyrolysis products at two different locations in the reaction re-
gion: inside of the convectively driven product region, and along the secondary condensation band.
Images a–c in Figure 5.5 correspond to the grid located inside of the condensation band during
aerosol collection and micrographs taken at two different locations on the TEM grid are indicated
by the stars. What is immediately evident is the presence of a polydisperse range of droplet sizes
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Figure 5.2 Cellulose integrated fluorescence intensity for 266 nm, 355 nm and 532 nm
wavelengths at two locations downstream from the filament heater. Fluores-
cence signals correspond to initial Mie scattering signal and appear independent
of wavelength.
78
Figure 5.3 Observations of fluorescent active compounds during levoglucosan pyrolysis.
Images show no fluorescence signal from vapor phase levoglucsosan and minimal
signal from condensed phase products. This indicates levoglucosan is likely not
the fluorescent compound observed in the inner transport region for cellulose.
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Figure 5.4 Levoglucosan integrated fluorescence intensity for 266 nm, 355 nm and 532 nm
wavelengths at two locations downstream from the filament heater. Fluores-
cence signal matches closely with the timescales of Mie scattering of condensed
products.
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that were collected onto the TEM grid. The region chosen for aerosol collection corresponded to
the Mie scattering ”dark zone” in previous pyrolysis tests, but the insertion of the TEM grid into
the flow caused more rapid cooling of the pyrolysis products and presence of droplets from tens of
nanometers to several microns in diameter, the larger which would be detectable with Mie imaging.
Further, there is no clear way to determine if the droplet sizes are primary aerosols emitted directly
or if they are a result of aerosol condensation and growth on the TEM grid.
Figure 5.5 TEM images of aerosols generated from cellulose pyrolysis collected onto a TEM
grid at various magnifications. a. Location of TEM grid inside of pyrolysis
reactor during pyrolysis experiment. Purple and red stars on inset image of
grid shows the location where subsequent micros were collected in b and c
respectively. Yellow circles in b and c correspond to soot-like compounds found
inside of the condensed droplets which may provide the fluorescence signal.
Images d–f correspond to aerosols collected along the outer condensation band
show no signs of the soot-like compounds.
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Regardless of the size of primary aerosols produced during the pyrolysis of cellulose, one of the
most significant findings from this work was the discovery of nano-scale higher-contrast aerosols
dispersed inside of the droplets collected on the grid which very closely resemble soot precursors
from polycyclic aromatic hydrocarbons (PAH). Significant research among the combustion literature
has shown that PAHs are known to have significant fluorescence signal and the size of these PAH
compounds corresponds to a red-shift in emission wavelength that could account for the broad
absorption and emission profiles revealed in the fluorescence imaging work [28, 27, 71, 63, 10]. These
nano-particulates could act as initial nucleation sites from which the high yields of levoglucosan
condense and trap within the inner condensation band. Further evidence of this is seen in collected
aerosols from the outer condensation band as illustrated in Figure 5.5 d–f. Figure 5.5f shows
micrographs of aerosols taken across the TEM grid and reveals much smaller droplets (O(100 nm)
across the entire grid. More importantly, at a magnification of 40k, no indication of the soot-like
particles can be observed. The presence of condensed products in this region with no observed
fluorescence signal provides evidence that these particles are the main fluorescent-active species
observed within the inner condensation region.
After the collected aerosols were analyzed via TEM microscopy, imaging of each grid was per-
formed using a white-light/fluorescence optical microscope in order to determine if the condensed
phase products collected on the TEM grid maintained similar fluorescent properties observed in
situ during product formation. Although exact wavelength matching was not possible with the
instrument, two excitation wavelengths (365 nm and 470 nm) were available that fell within the
range of the in situ experiment. Figure ?? shows the fluorescence profile of two TEM grids at 5x
and 20x magnification under white light, with 356 nm and 470 nm excitation. Figure 5.6a corre-
sponds to the grid which was placed in the center of the flow. The 5x magnification image series
reveals damage that was done to the grid products when removed from the TEM microscope. Mag-
nified images shown were selected to avoid this region of the grids. As can be seen, the condensed
products exhibit strong fluorescence at each excitation wavelength. Larger droplets are seen on
the carbon support due to rapid quenching of products from the intrusive sampling technique, but
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images of the carbon support taken at 470nm excitation and 50x and 100x magnifications reveal
strong fluorescence of the small droplets not apparent at the lower magnifications. Figure ??b.
corresponds to the grid which was held along the outer condensation band. It can be seen that
condensed-phase products coated the edge of the grid which was held in the outer condensation
band and fluorescence signal is strongest along this edge of the grid.
5.2 Product fluorescence in organosolv lignin from corn stover
Simultaneous laser scattering and fluorescence imaging above the filament for three different
excitation wavelengths are shown in Figure 5.7 for the pyrolysis of technical lignin extracted from
corn stover via the organosolv process. In contrast to the fluorescence results for cellulose which
appeared to be wavelength-independent, significant differences can be observed in the timescales
and locations of products excited using the three wavelengths. As can be seen from the overlaid
images as well as the integrated signal intensity plots seen in Figure 5.8, strong fluorescence signal
for 266 nm excitation is evident almost a half of a second before the onset of condensation as
evidenced from the Mie scattering signal. Using 355 nm excitation, the fluorescence signal begins
approximately 0.2 seconds before significant scattering signal is observed, and 532 nm fluorescence
initiates simultaneous to the Mie scattering signal. All excitation wavelengths show similar trends
in the persistence of fluorescence signal after condensed products are no longer visible.
In addition to temporal differences, the spatial extent of fluorescent compounds across the
thermal boundary layer appears to have wavelength dependence. Recalling the timescales and
unique behavior of lignin pyrolysis described in Chapter 4, agglomeration and boiling release of
aerosols occurs between 3.5–4.5 seconds after initiation of the heating ramp. As seen in Figure 5.7,
the 266 nm excitation captures diffuse signal from non-condensing, fluorescent products outside of
condensed products band as imaged via Mie scattering. For both 355 nm and 532 nm excitation
wavelengths, the fluorescence signal is spatially overlapped with the ejected condensates. Finally,
as the ejection events slow and charring reactions dominate, the fluorescence signals are again
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Figure 5.6 Fluorescence microscopy of aerosols collected from cellulose pyrolysis for bright
field (white light), 365 nm and 470 nm excitation for aerosols collected at two
different locations in the reactor. (a) Aerosol fluorescence of TEM grid in
center of flow. The 5x magnification image series reveals damage that was done
to the grid products when removed from the TEM microscope. (b) Aerosol
fluorescence of TEM grid along the outer boundary layer. The fluorescence
signal is strongest on the edge of the grid that was aligned inside of the outer
condensation band.
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Figure 5.7 Observations of fluorescent active compounds during lignin pyrolysis. Results
reveal differences in timescales and spacial extent of excited molecules for the
different excitation wavelengths.
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bounded by the condensation bands visible by Mie scattering. Fluorescence persists for several
seconds after the Mie scattering signal disappears across all wavelengths.
The literature relevant to laser-induced fluorescence of expected products formed during fast
pyrolysis of technical lignin provides potential for species-dependent observations [67]. Anca-Couce
et al. utilized fluorescence spectroscopy in slow pyrolsyis and concluded that early fluorescence
signal (< 200 ◦C) was primarily from carboxyl groups. At later stages, the fluorescence was at-
tributed to mono-phenolic 2-ring aromatics with a subsequent shift to 3 and 4 ring aromatics as
secondary reactions begin to dominate [97, 37, 38]. It is well known that aldehydes, ketones, and
phenolic compounds as individual classes tend to be strong UV-fluorescent compounds and may
help to explain the fluorescence signals observed for 266 nm excitation [25, 80]. It is also noted that
in the study of PAH compounds, the larger MW compounds tend to be more red-shifted [71, 27].
The early 266nm fluorescence can be attributed to small oxygenated compounds (small aldehydes
and phenols). As the reaction progresses, larger phenols and PAH-like compounds begin to form
and 355 nm and 532 nm excitation slowly becomes active. As charring reactions begin to dominate
around 4.75 seconds, the wavelength-independent nature of fluorescence likely indicates the release
of soot-like particles with broad absorption and fluorescence. As reported by Brewer et al. based
on 13C NMR[15]
TEM images of captured aerosols from the pyrolysis of lignin are shown in Figure 5.9. Much
larger condensed droplets are visible with observable sizes ranging from several hundred nanometers
to tens of microns. This could be the result of agglomeration on the TEM grid (similar to the
tendency of the liquid intermediate), or could be large droplets collected during ejection events.
Large quantities of small PAH or soot-like particles are distributed across the TEM grid, both
inside and outside of the droplets. A 150k magnification image allows for approximate sizes of
these aerosols to be classified as 10–20 nm in extent. One consideration in viewing these results
is that the TEM grid is maintained in position during the entire pyrolysis reaction and thus the
aerosols and droplets collected are a time-averaged history without the ability to distinguish when
and how these products were deposited onto the grid. Looking at the fluorescence images, however,
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Figure 5.8 Lignin integrated fluorescence intensity for 266 nm, 355 nm and 532 nm wave-
lengths at two locations downstream from the filament heater. Initial fluo-
rescence signals appear dependent on excitation wavelength and indicate the
ability to excite different classes of compounds.
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it is reasonable to suggest that a significant percent of these products were formed at the end of
the reaction when charring dominated.
Figure 5.9 TEM images of aerosols collected onto a TEM grid from the pyrolysis of lignin
for various magnifications. (a) Location of TEM grid inside of pyrolysis reactor
during pyrolysis experiment. (b) Droplets and aerosols imaged at increasing
magnifications. Large quantities of soot-like aerosols are visible both within
the condensed droplets and attached directly to the surface of the TEM grid.
Figure 5.11 shows the simultaneous overlaid fluorescence and Mie scattering results for the
pyrolysis of technical lignin mixed with Aerosil COK 84. Again, the addition of the silica matrix
has succeeded in preventing the bulk agglomeration and boiling phenomena observed for non-
mixed lignin and provides a clear interpretation of the impact that agglomeration has on product
formation. 266 nm excitation is able to excite products being emitted from the sample almost
half of a second prior to the detection of condensed products. Similarly, 355 nm excitation excites
products a fraction of a second prior to condensation and 532 nm excitation corresponds to the
Mie scattering signal. Fluorescence signal does persist beyond the condensed scattering signal for
all wavelengths, but contrary to observations of agglomerated lignin, the fluorescence signal ends
roughly one half second after condensed products disappear. This indicates that the addition of an
inert silica matrix to lignin pyrolysis sufficiently limited agglomeration and reduced the amount of
charring reactions which concluded the reaction. Unfortunately the TEM grid which contained the
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Figure 5.10 Fluorescence microscopy of aerosols collected from lignin pyrolysis using bright
field (white light), 365 nm and 470 nm excitation for aerosols collected inside of
the primary reacting flow. As can be seen, products are minimally fluorescent
under 365 nm excitation while 470 nm excitation is able to access the smaller
droplets at 20x magnification.
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condensed products for lignin in a silica matrix was destroyed in the TEM imaging and fluorescence
micrographs were not undertaken.
Figure 5.11 Observations of fluorescent active compounds during 2:1 lignin: COK84 py-
rolysis. Clear dependence on excitation wavelength in both time and space
reveals the ability to probe different molecules.
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Figure 5.12 2:1 lignin:COK84 integrated fluorescence intensity for 266 nm, 355 nm and
532 nm wavelengths at two locations downstream from the filament heater.
Fluorescence shows both spatial and temporal dependence on the excitation
wavelength.
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5.3 Product fluorescence in milled red oak
The simultaneous scattering and fluorescence imaging results for the pyrolysis of red oak (75–
212 µm) are shown in Figure 5.13. The first sign of fluorescence appears with 266 nm excitation
around 3.0 seconds after the heating was initiated, yet condensed products do not form until 3.6
seconds. As is evident from the plots of integrated signal intensity shown in Figure 5.14, minimal
fluorescence signal is observed prior to condensation. Similar to the results for lignin in a silica
matrix, 266 nm excitation also reveals a wider spatial distribution of products and likely corresponds
to the initial release of smaller carboxyl groups, phenolics, and aldehydes. These bands are also
diffuse, suggesting these are not condensing in the inner thermal boundary layer. Fluorescence
does persist after the Mie scattering signal disappears, however the duration of this signal and
importance at 355 nm and 532 nm wavelengths may suggest that smaller PAH compounds elute
due to less significant charring reactions for whole biomass. The relative onset of the fluorescence
signal relative to the Mie scattering signal from condensed products suggests the early formation of
light products (266 nm-excited), and subsequently delayed production of products excited by 355
nm and 532 nm–similar to the trends observed in extracted lignin pyrolysis.
TEM images of captured aerosols from the pyrolysis of red oak are shown in Figure 5.15. Droplet
and aerosol sizes are more consistent with the sizes seen during cellulose pyrolysis and range from
several hundred nanometers to several microns. While it appears there are fewer soot-like particles
present on the grid when compared to the results for lignin, a significant quantity of these nano-
aerosols were captured both within droplets as well as on the grid surface. Finally, a large droplet is
imaged at 40k magnification and numerous higher contrast regions throughout the droplet. These
regions could correspond to the presence of multiple products within a single droplet, which would
is expected.
5.4 Summary
The use of three different wavelengths to excite fluorescent components while simultaneously
imaging product condensation through Mie scattering has allowed for greater understanding of
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Figure 5.13 Observations of fluorescent active compounds during red oak pyrolysis.
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Figure 5.14 Red oak integrated fluorescence intensity for various excitation wavelengths.
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Figure 5.15 TEM images of aerosols collected onto a TEM grid from the pyrolysis of red
oak for various magnifications. a. Location of TEM grid inside of pyrolysis
reactor during pyrolysis experiment. b. Droplets and aerosols imaged at
increasing magnifications. Large quantities of soot-like aerosols are visible
both within the condensed droplets and attached directly to the surface of the
TEM grid.
the time scales and mechanisms which drive primary product formation for red oak, cellulose,
and lignin. Fluorescence emission appeared to be wavelength independent during the pyrolysis of
cellulose and was observed in similar timescales to condensed product formation. Additionally,
this signal was confined by the inner condensation band across all three wavelengths. Electron
microscopy of aerosols collected within the primary reaction zone revealed the presence of nano-
scale particulates similar to soot precursors or primary particles (PAHs) inside of the condensed
droplets. Drawing from combustion literature, these particles are likely responsible for the broad
fluorescence [71] and serve as nucleation sites and become trapped when levoglucosan condenses in
the inner condensation band.
Results for the pyrolysis of red oak, lignin, and lignin dispersed with a silica matrix each
showed wavelength dependence of the spatial and temporal fluorescence signal with consistent
trends across all feedstocks. Using 266 nm excitation, products began to fluoresce approximately
a half-second before condensation occurs. These products have been preliminarily classified as
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Figure 5.16 Fluorescence microscopy of aerosols collected from red oak pyrolysis using
bright field (white light), 365 nm and 470 nm excitation for aerosols collected
inside of the primary reacting flow. Condensed products show moderate flu-
orescence under 365 nm excitation while 470 nm excitation is able to access
the smaller droplets at 20x magnification.
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small aldehydes, phenols, or carboxyl groups based off of knowledge of the expected products from
pyrolysis. Additionally, 266 nm excitation is able to probe more diffuse products outside of the
condensation band whereas 355 nm and 532 nm excitation are confined to the condensation regions.
Fluorescence signals become less wavelength dependent near the end of the reaction as products
are contained by the condensation band and uniformly fluoresce across all excitation wavelengths.
Again, this is attributed to larger PAH and soot components being formed at later timescales within
the pyrolysis reaction. The effect of mass transport limitations can be easily seen by looking at the
timescales which the PAHs form at the end of the reaction. Technical lignin shows the greatest mass
transfer limitations due to it’s unique property of agglomeration and bubble formation which results
in a smoldering char structure at the end of the reaction that persists for several seconds. Red oak
and lignin in a silica matrix do not experience this mass transfer limitation and the fluorescence
signals from large PAH and soot quickly drop off shortly after condensation signal disappears.
The results presented in this chapter serve to expand the understanding product transport
developed in Chapter 4 and enable the visual tracking of non-condensing product streams. This
provides a unique opportunity to better understand the timescales of product formation and how
they relate to physicochemical changes to the feedstock.
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CHAPTER 6. CONCLUSIONS
The work presented in this dissertation has focused on applying new methods to investigate
the fundamental transport mechanisms and corresponding observable physicochemical phenomena
which govern lignocellulosic biomass pyrolysis. Development of a novel optically accessible pyrolysis
reactor and use of microscopic imaging, Mie scattering and fluorescence imaging of product trans-
port and formation mechanisms during the pyrolysis of red oak and several biomass components
has provided new insight to critical mechanisms relevant to fast pyrolysis. In particular, the simul-
taneous observations of fluorescence and Mie scattering of condensing products show how feedstock
changes effect product formation and transport. This emphasizes the importance of developing
a mechanistic understanding of pyrolysis that incorporates both the chemical pathways and also
the relevant physical phenomena which drive product formation including heating, melting and
agglomeration, and evaporation/ejection. A summary of the major findings, suggestion for future
investigations, and scientific impact of these discoveries are discussed in the following sections.
6.1 Summary of Work
A novel pyrolysis reactor was developed with the goal of providing maximum optical access
for advanced imaging and diagnostic techniques near surface boundary layer of pyrolyzing biomass
under conditions relevant to fast pyrolysis. Acetone PLIF and multi-point thermocouple measure-
ments of the temperature profile in the primary reaction zone provided a detailed thermal profile
of the reaction environment and the convection-driven transport near the reaction filament. A
line heat source conductivity measurement apparatus was developed and used to characterize the
initial biomass feedstock effective conductivity which incorporates the effect of particle to particle
conduction as well as conduction through the gas phase for particles of various shapes and mor-
phologies. Conductivity values ranged from 0.088–0.136 W m−1 K−1 which is on the lower end of
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measurements reported in literature for pelletized or single particle measurements. In light of the
existing literature on kinetic timescales for the feedstocks used, a non-dimensional analysis of the
novel reactor’s operating regime was conducted and indicated non-isothermal pyrolysis conditions
with both heat and mass transfer limitations for the developed reactor–as is common in many
pyrolysis reactors.
Simultaneous dual-imaging of condensation products downstream of the heated biomass pile
and color micro-scale imaging of the pile itself allowed for correlation of morphological changes to
the feedstock and the rates of product formation. The thermal boundary layer inside of the reactor
was used along with knowledge of the boiling points of major pyrolysis products to discriminate be-
tween products of low- and high-molecular weight through the stratified condensation bands formed
along the temperature gradient. Studies of individual biomass components showed the locations
of product condensation and formation, but also revealed unique physico-chemical characteristics
to each feedstock, such as agglomeration and liquid phase boiling of lignin. Attempts to mitigate
this effect included suspending lignin inside of an inert silica matrix to prevent agglomeration and
more closely resemble the highly structured, multi-component nature of whole biomass. For the
pyrolysis regime and feedstocks utilized in these studies where kinetic and transport effects both
contribute, the particle size, degree of polymerization, molecular complexity of the components,
and feedstock composition and structure variations were shown to influence the conversion process.
In the case of whole red oak pyrolysis, a range of products with varying condensation temperatures
are observed across the thermal boundary layer, and several important global features can be iden-
tified. Shifts in the location where condensed products form and observations of aerosol/particle
formation mechanisms correlate with morphological observations to track the pyrolysis progress
in time. The dominant mode of mass transport appears to be through production of aerosols or
vapors smaller than those detectable via the Mie scattering regime ( 630 nm) which condense
or repolymerize in the thermal boundary layer. Condensed-phase products are only observed for a
limited time interval in the high temperature region closest to the feedstock and may result from
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direct ejection of micro-scale aerosols or rapid reoligomerization reactions, but seem to play a minor
role in the observed routes of product formation and transport.
A planar fluorescence imaging technique was utilized coincident with planar Mie scattering
imaging in order to track species product formation in addition to condensation phenomena. This
allowed for imaging the production of small products both before and after condensation and
provided a visualization of the transport of products away from the reacting feedstock prior to
condensation. Through the use of TEM and fluorescence microscopy, aerosols collected in the near
field of the reacting biomass were analyzed. These studies revealed several important trends which
were not obvious through the use of Mie scattering alone. Cellulose pyrolysis exhibited a similar
scattering signal across all excitation wavelengths that was confined to the inner condensation band
previously identified as the point of levoglucosan condensation. Pyrolysis of levoglucosan revealed
negligible fluorescence signal, so the in situ fluorescence is attributed to other species. TEM mi-
croscopy of cellulose collected aerosols showed the presence of soot-like nano-particulates (PAHs)
inside of the condensed droplets. These products are likely responsible for the broad absorption and
fluorescence observed, and also may serve as nucleation sites from which levoglucosan condenses.
Results for the pyrolysis of red oak, lignin and lignin in an inert matrix show formation of non-
condensible products via 266 nm fluorescence that emerge approximately one half-second before
condensed products are visible via Mie scattering. 355 nm fluorescent compounds become visi-
ble approximately 0.2 seconds before condensation, and 532 fluorescent-active compounds emerge
simultaneously to condensation products, consistent with the multi-aromatic structure typical of
biomass char compounds. Further, 266 nm excitation is able to probe diffuse non-condensed prod-
ucts outside of the condensation band. All of these feedstocks revealed wavelength-independence of
the fluorescence signal at the end of the reaction which was attributed to larger PAH compounds
being released. Finally, the effect of mass transport limitations on product charring was visualized
for technical lignin.
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6.2 Future Directions
The research advances made in this dissertation further the understanding of the coupled multi-
phase and multi-scale mechanisms which drive product formation and transport during biomass
fast pyrolysis. These discoveries will enable future modeling efforts to incorporate more detailed
mechanistic descriptions of the important physicochemical phenomena which must be integrated
with the kinetic literature in order to make these models more robust and predictive. The goal of
improved fidelity for these models will enable the optimization of large-scale pyrolysis reactors with
improved performance and increased yields of high value fuels and chemicals.
Although this dissertation focused on a relatively small group of feedstocks under tightly con-
trolled operational conditions, the equipment and methods developed can be applied to a range of
feedstocks, pretreatments, and operating conditions. Further efforts to develop and characterize
the techniques used in this dissertation can help to provide a more robust framework to investigate
more targeted mechanisms of product formation. For example, the framework built in this disser-
tation could examine the effect of different acid/base pre-treatments on wood pyrolysis through an
examination of the effect on feedstock morphological conservation. This information, coupled with
observations of product formation, can better inform chemical versus physical mechanisms leading
to higher yields of specific components can be achieved using different pretreatments.
A few specific research goals are highlighted below:
1. Perform a detailed excitation-emission mapping of fluorescence signals across the range of
compounds typical of biomass fast pyrolysis. This will allow for more targeted selection of
excitation wavelengths and optical filters which discriminate the timescales and locations
which specific classes of products form.
2. Develop more robust in situ spectroscopic techniques which are able to probe the chemical
composition of various condensation regions.
3. Employ these optical techniques across various different types of biomass feedstocks and
reactor conditions to evaluate the impact of structure, composition, heating rate, and tem-
101
peratures on the product formation mechanisms. Understanding which variables contribute
most to undesirable product formation and transport mechanisms such as agglomeration or
charring reactions can provide a road map for the most impactful challenges to address first
in optimizing biomass pyrolysis for maximum yields and quality of bio-oil for the production
of fuels and chemicals.
6.3 Impact
When analyzed within the broader context literature on biomass fast pyrolysis, the following
contributions have been made to the state of the art:
1. New equipment and techniques for exploring biomass pyrolysis with spatially- and temporally-
resolved tracking of product formation mechanisms in the environment local to the reacting
feedstock for whole biomass and several of its components has been developed and utilized.
This reactor was rigorously characterized and tested in order to provide operational conditions
from which mechanistic pyrolysis models could be validated and improved.
2. Imaging of the main morphological changes of lignocellulosic materials simultaneous with
time-resolved observations of product formation were conducted for the first time. This
allowed for a critical evaluation of the relative impact of several theories of product transport.
As was shown, product transport through vaporization and condensation reactions dominated
the transport for cellulose and whole biomass with minimal large aerosol transport occurring
via boiling ejection. The unique tendency of technical lignin to melt and coalesce did result
in trapped products which escaped through violent ejections, but this effect was eliminated
through the use of an inert matrix to prevent bulk agglomeration of lignin droplets.
3. A new methodology of observing product formation in the reacting boundary layer with high
temporal resolution has provided key insight to the primary pathways of product formation.
These observations are made in the near field of the reacting biomass and are likely pro-
vide greater detail to the timescales of product formation than traditional micro-pyrolysis
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experiments. The use of multiple excitation fluorescence wavelengths was able to probe the
thermally-bounded product locations and timescales of formation for different classes of com-
pounds during biomass pyrolysis.
4. TEM analysis of products collected from the primary pyrolysis region reveal the presence of
nano-scale soot-like aerosols within the primary reaction region. Utilizing insights gained from
combustion and soot research to inform the interpretation of the fluorescence images across a
wide range of excitation wavelengths suggests that these particles have distinct timescales of
formation, may play a key role in condensation of products by serving as the initial nucleation
site from which droplets can grow, may be released for significantly longer timescales than
condensed phase products, and have structures similar to those reported for biomass char
constituents.
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APPENDIX. EFFECT OF TEMPERATURE ON PRODUCT EVOLUTION
USING 266nm EXCITATION
This appendix utilizes the same techniques utilized in Chapter 5 to document the effect of
different heat rates and peak temperatures on the products formation using simultaneous 266 nm
fluorescence imaging and Mie scattering. Strip temperature calibrations for 400 ◦C, 500 ◦C and 600
◦C are shown first, followed by the integrated florescence and scattering signals for levoglucosan,
cellulose, lignin, 2:1 lignin:COK84, 75-212 µm red oak, as well as a corn stover feedstock not
previously discussed. Commentary and analysis will be limited to a few brief remarks as further
detailed analysis is encouraged for future researchers.
Thermal Characterization of Different Heating Profiles
The calibrated heating profiles used for this experiment are shown in Figure A.1 as measured by
a fine-wire thermocouple. Briefly, after a 0.4 second enable delay time to allow the data acquisition
system to initiate, the ’ramp’ current is applied across the heating filament and is enabled for 4
s. The current is then lowered to the ’hold’ current throughout the duration of the experiment to
maintain a constant temperature of the strip. Heating profiles were experimentally determined for
peak temperatures of approximately 400 ◦C, 500 ◦C and 600 ◦C which correspond to heating rates
of heating rates of 100 ◦C s−1, 142 ◦C s−1 and 170 ◦C s−1, respectively, giving a fairly wide range of
thermal profiles to consider.
Integrated Fluorescence and Mie Scattering Signals for Various Heating Profiles
The effect of heating rate and peak temperature on product formation were explored across
the range of feedstocks used throughout this dissertation using 266 nm fluorescence excitation
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Figure A.1 Heating ramp calibrations for 400 ◦C, 500 ◦C and 600 ◦C peak temperatures
with heating rates of 100 ◦C s−1, 142 ◦C s−1 and 170 ◦C s−1, respectively. The
The slight dips in the 85A and 82A current ramp cases correspond slight jitter
in the data acquisition system.
and simultaneous Mie scattering as outlined in Chapter 5. The integration regions A and B are
identical as what was used in Chapter 5 and a plot of these locations is reproduced in Figure A.2
for convenience. After correlating both fluorescence and scattering signals in time and space, the
signals inside of each box were integrated for each frame and plotted as a function of time as shown
in Figures A.3 and A.4.
Of particular interest is the obvious shift in pyrolysis regime observed for the slowest heating rate
(400 ◦C, 100 ◦C s−1) case where product evolution is clearly limited by heat transfer. In addition
to the delay in the initial product formation, cellulose, lignin, 2:1 lignin:COK84, and red oak all
show a very broad peak of product formation that extend well beyond the time-range shown in
these figures. Additionally, as would be expected, faster heating rates tend to correspond to earlier
temporal evolution of products which elute in a much narrower time window.
Videos and images for these experiments are archived and available for further analysis in the
future.
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Figure A.2 Location of integration regions A and B used to calculate signal vs time.
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Figure A.3 Integrated 266 nm fluorescence and mie scattering signals for bin region A.
The effect of heating rate on product production shows a shift in timescales
of product formation and indicate different dominating pyrolysis mechanisms.
Analysis of products at 400 ◦C suggests a heat transfer limited regime dom-
inates the reaction mechanism while 500 ◦C and 600 ◦C suggest both kinetic
and transport limitations across the feedstocks.
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Figure A.4 Integrated 266 nm fluorescence and mie scattering signals for bin region B.
The effect of heating rate on product production shows a shift in timescales
of product formation and indicate different dominating pyrolysis mechanisms.
Analysis of products at 400 ◦C suggests a heat transfer limited regime dom-
inates the reaction mechanism while 500 ◦C and 600 ◦C suggest both kinetic
and transport limitations across the feedstocks.
